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PREFACE

This report was prepared by Ammann & Whitney. Con-
sulting Engineers, New York, under Contract No. DA 49-129-
Eng-506 with the Office of the Chief of Engineers, Dfipartment
uf the Army.

This project is part of the FY 1962 research and devel-
opment program of the Offi:e of Civil Defense, Department of
Defense. It was asuijned to the Office of the Chief of Engineers.
Department of the Army by the Oftice of Civil Defense in April
1962 because of its relation to previous and current investiga-
tional programs and studies In this field being accomplished
under the technical guidance of that agency.
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ABSTRACT

Presented are the recults of A study devoted to the es-
tabiishment of basic criteria %nd shock isolation techniques ap-
plicable to hardened civil defeise shelters for protectiun of per-
sonnel and equipment against ground shock effects from nuclear
weapons. The report includes ,a comprehensive review of the
state of the art covering backgro~und information from which are
established ground-shock input dvta and shock spectra. person-
nel aed equipment shock tolerance criteria, and appropriate
shock-isolation methods. General shock isolation schemes, in-
cluding spring systems and cushioning materials, are evaluated.
Design examples and cost estimates of specific shock isolation
systems are presented and discusied for shallow-buried struc-
tures with populAtioa1s of 10, 100 ad Z50 persons at the 25-.
100-, and 300-ps. i. blast overprs *sure levels for a 20-MT
surface burst, Recommendations 'or further sbAdy are given.

Outlined below are brief swmmaries of the scope cf work
of the contract and the Cortractor's approach, findings. and
recomme'Jations. This summary is intended to enable the re-
cipient or %.he report to determine qt.ickly whether the r- Art
will be of satrest to im or to a rumber of hi staff. for a
comfprbe;silve technical summary and detailed conclusions and
recornmendatiuns, the reader is referred to Chapter VIII of this
report.

Scop* o, Work

i. tI;omplation. reviaw. and vummalriation of aval'.able
*F pertinent publications a,..S soU-ces of data obtained through . re-

search of literature and from meetings with agencas and eu-
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perts. Consideration of blast overpressures up to 300 p. s. i.

and a single weapon yield up to 20 MT.

2. Establishment of ground shock input data. Develop-
ment of free-field ground-shock spectra and design spectra for
a 20-MT surface burst at 25-, 100-, and 300-p. s. i. overpres-
sure levels applicable to various types of shallow-buried struc-
tures at an average site.

3. Establishment of shock tolerance criteria for per-
sonnel, equipment, and interior fixtures.

4. Evaluation and summarization of the most promising
general types of shock isolation techniques for shallow-buried
structures at overpressure level* up to 300 p. s. i. and a 20-MT
weapon yield.

5. Development of specific shock isolation systems
which provide protection of personnel and equipment housed in
shallow-buried personnel shelters having populations of 10. 100,
and 2,50 persons at the 25-, 100-, and 300-p. a. i, blast overpres-
sure levels for a 20-MT surface burst.

6. Determination of approximate estimates of quantities
and costs for the design studies of Item S.

7. Establishment of recommendations for further study.

Approach

i. Review and evaluation of pertinent publications.

2. Establishment of preliminary shock environment and
shock tolerance criteria.

J, Meetings ,, %gencies and expt ito to discuss pre-
liminary criteria and - ,tablish the most applicable sources of
data.

4. Re-evaluatior of preliminary criteria in cunjunction
with additional information.
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* 5. Establishment of final shock environment arid shock
tolerance criteria.

6. Evaluation of general shock isolation techniques.

7. Developmetnt of design examples and cost cstimates
for upecific shock isolation systems.

8. Establishment of conclusions and recommendations
for further study.

I-1 nd ing s

1. Shock-isolation systems can be effectively and eco-
nomically accomplished for the protection of personnel and
equipment against the effects of ground shock.

2. The design shork environment can be adequately de-
scribed in terms of shock response spectra.

3. Shock tolerances for personnel, as established in the
study, can be designated effectively in terms of eitlh.r vibration
or Impact, Equipment shock tnlerances are designated effect-
ively In terms of vibration.

4. Effective methods of protetion for personnel can be
achieved by the us* of spring-mounted platforms or by protect-
ive cushioning materials. Protective clothing and restraining
and bracing davict, %can be used to provide supplemuentary pro -
tection.

S. Shock protacion for equipment can' K* provided ~
ilie use of spring-support systems.

6. Ap~eopriate shock-isolation systems for the shelters
in the desaign examples can be accomplished at additional con-
eaticon corL4 which vary from 4 to 6S *r cent of the cost of
-orraspondir.g non -shock-4isolated ahelters.

ix



Recommendations
Lt is re~u~mended that personnel be subjected to simu-

lated ground shock" notionF sn as to substantiate the vibration
and impact tolerances established in this study,

x9



TABLE OF CONTENTS

Preface iii
AcknowIedgeakents v
Abstract vii
Table of Contents xi
List of Illustrations xv

List of Tables xtx

Chapter I INTRODUCTION

I-I Objective 1-1
1-Z Description of Report i-I

Chapter It GROUND MOTION AND SHOCK SP.CTRA

. -1 Measured Grouand Motions and Struc-
ture Motions a*

,-tZ Sh-ck Spectra Concepts .7
10 Procedtvro (- (Calculation o( Shrk

Spectra 2-12
Z-4 Relerinces

Chapter III SHOCK TOLERANCES FOR P RSONNEL

1.1 P6si,. Concepte s-I
1-1 Summary of Results of 9e *earch 1-4

)-1 Recommended Design Criterka 3-ZO
3-4 Roertle o 3-14

Chaoler IV SHOCK TOL.EANCtt FOR COQLIPMENT

4.' basic Conaepts 4-1
4-1 Summary of R*.iulIs o( Rewe': . 4-Z
4.3 tRecommeted besigo Criterel 4-6
4-4 peIre nCo 4-7

IX



TABLE OF CONTENTS

Chapter V SHOCK ISOLATED PLATFORMS

5-1 Introduction 5-1
5-2 Springs and Spring Assembly 5-2
5-3 Platforms 5-7
5-4 Advantages and Disadvantages of

Support Methods Used for Shock

Isolation of Platforms 5-8
5-5 Comparisou of Support Methods

Used for Shock Isolation of
Platforms 5-11

5-6 References 5-12

Chapter VI PROTECTIVE CUSHIONING MATERIALS,
PROTECTIVE CLOTHING, AND RE-

STRAINING AND BRACING D.VICES

6-I Introduction 6-1
6-2 Protective Cushioning Materials 6-1
6-i Protective Clothing 6-6
6-4 Restraining Devices 6-8
6-5 Bracing Devices 6-10
6-6 References 6-10

Chapter VII DESIGN STUDIES

7-I Scope 7.'

7 .4 Design Procedure 7 1
7-3 Blast Load Data 7-2
7-4 %i) Conditions 7-3
7. - Shock Spectra 7-5
7-6 Space Allowance 7-14
7-7 Design Loais, Applicable Codes,

and Allowabit Strerses 7-19
7-8 Dusuriptitin tot Desigi Cuncepts 7-0
7-9 Coat Estimates 7-55
7-10 Discussion of Design Conctpts 7-79
7-11 References 7-92

xii



TABLE OF CONTENTS

Chapter VIII SUMMARY, CONCLUSIONSAND RECOM-
MENDATIONS

8-i Summary 8-1
8-2 Conclusions 8-9
8-3 Recommendations 8-I1

Appendix A Review of the State of the Art A-I

Appendix B Minutes of Meetings B-I

Appendix C Equations for Calculating Free-Field,
Air-Induced Ground Motions C-1

Appendix D Procedure for Calculating Synthesized
Ground Motion Versus Time D-I

Distribution List

0

xli



LIST OF ILLUSTRATIONS

Figure
Number Title Page

2-1 Single-Degree -of-Freedom System 2-9

2-2 Typical Shock Spectra Plot 2-11

3-I Downward Displacement vs. Time - 25 pmt 3-15

3-2 Downward Displacement vs. Time - 100 psi 3-16

3-3 Downward Displacement vs. Time - '00 psi 3-17

3-4 Horizontal Structure Displacement vs.
Time - 25, 100 & 100 psi 3-19

5-1 Pendulum Suspension Spring System 5-4

5-2 Helical Compression Spring Mounts 5-5

7-1 Idealized Incident Overpressure - Time
Curves 7-4

7-2 Free-Field Vertical Ground Shock

Spectra - 25 psi 7-6

7-S Free-Field Horiaont|l Ground Shock
Spectra - 25 psi 7-7

7-4 Free-Field Vertical Ground Shock
Spectra - 100 psi 7-8

7-S Free-Field Horizontal Ground Shock
Spectra - 100 psi 7-9

7-6 Free-Field Vertical Ground Shock
Spectra - 300 psi 7.10

7-7 Free-Flocd HorizontAl Ground Shock
Spectra - 300 psi 7-11

Xv



Figure
Nunber Title Pae

7-8 Vertical Design Spectra - 25, 100
& 300 psi 7-15

7-9 Horizontal Design Spectra - 25,
100 & 300 p.i 7-16

7-10 Rectangular Shelter (25 psi) for 10,
100 & 250 Pcrsons - Personnel Pro-
tection Level 1 7-31

7-11 Rectangular Shelter (25 psi) for 10,
100 & 250 Persons - Perbonnel Pro-

tection Levels 2 & 3 7-33

7-12 Horizontal Cylindrical Swelter Two-
Story Suspension System (100 & 300
psi) for 250 Persons - Personnel Pro-
tection Level 1 7-35

7-13 Horizontal Cylindrical Shelter (100 &
300 psi) for 250 Persons - Personnel
Protection Level 1 7-37

7-14 Horizontal Cylindrical Shelter (100 &
300 psi) for 250 Persons - Personnel
Protection Levels 2 L 3 7-39

7-15 Horizontal Cylindrical Shelter - Two-
Stcry Suspension System (100 & 300
psi) for 100 Persons - Personnel Pro-
tection Level 1 7-41

7-16 HoriaontMl Cylindrical Shelter -Single-

Story Suspension System (100 & 300
psi) for 100 Persons - Personnel "ro-
tection Level 1 7-43

7-17 Horizontal Cylindrical Shelter (100 I
300 psi) for 100 Persons - Personael
Protectinn Levels 2 & 3 7-45

xvi



Figure
Number Title Page

7-18 Arch Shelter (100 psi) for Z50
Persons - Personnel Protection

Level i 7-47

7-19 Arch Shelter (100 psi, for 250
Persons - Pergunne! Protection

Levels 2 & 3 7-49

7-20 Arch Sheltr ,100 pa;) for 100
Perbuns - Pz aonnel -'rotection

Le'els 1 2 & 3 7-51

7-.I Vertical Cylindrical Shelters (100
& 300 psi) for 100 & 250 Persons -

Personnel Protection Level 1 7-53

7-22 Relative Cost vs. Personnel Protec-

tion Level 7-76

7-23 Cost Per Person vs, Overpressure 7-77

7-24 Footing Details 7-80

7-25 Bunking System ir Shelters 7-89

7-26 Typical Bunch Arrangement in
Shelters 7-90

A-I Vertical Ground Acceleration vs.
Time, W a 40 KT. p 9 2ZQ psi A-4

A-Z Vertical Ground Velocity vs. Time,
W r 40 KT, p & A19 psi A-S

A-1 Vertical Oround Displacement vs.
Time, W 1. 40 KT, p 11 ZZ9 psi A-6

A-4 Vibration Tolerance Levels A-26

D-1 Typical Velocity ik lispiacement Pulse D-4

xvii



LIST OF TABLES

Table
Number Title Ewe

3-1 Shock Isolation Requirements - Vertical
Direction 3-8

3-Z Shock Isolation Requirements - Horizontal

Direction 3-8

3-3 Downward Impact Velocities 3-14

4-1 Examples of Equipment Shock Tolerances 4-4

,t-2 Shock Isolation Requirements 4-5

5-1 Qualitative Comparison of Support Systems 5-13

6-1 Safe Impact Velocities of the Head Using
Protective Cushioning Materials 6-5

7-1 Blast Characteristics, Surface Burst
(ZC MT) (Reference 7. I) 7-3

7-2 Assumed Seismic Profile 7.3

7-3 Boundary Spectra Value* for Free-Field

Groand Matiors 7-13

7-4 Sit* Variations 7-12

7-5 Peak Motions of the Structurcs 7-17

T-6 Designation and Dtecription of Design
Concepts 7-3U

7-1 Summary of Estimated Colts 7-S9

7-8 ftructural Cost £etimate - Rectang tar
Structure (IS psi - IS0 Persons) ?-6S

Kim



Table
Number Title

7-9 Structural Cost Estimate - Rectangular
Structure (25 psi - 100 Persons) 7-66

7-10 Structural Cost Estimate - Rectangular

Structure (25 psi - 10 Persons) 7-67

7-1 I Structoral Cost Estimate - Horisontal
Cylinder (100 psi - 250 Persons) 7-68

7-12 Structural Cost Estimate - Horisontal
Cylinder (10 p&Z - 100 Persons) 7-69

7-13 Structural Cost Estimate - Arch

Structure (100 Fai - 250 Persons) 7-70

7-14 Structural Cost Estimate - Arch
Structure (100 psi - 100 Persons) 7..1

7-IS Structural Cost Estimate - VertclI

Cylinder (100 psi - 250 & 100 Persons) 7-72

7-.6 Structural Coit Estimate Horizontal
Cylinder (300 psi - 250 Persons) 7-73

7-17 Structural Cost Estimate - Horizontal
Cylinder (300 psi - 100 Persons) ?-74

7-18 Structural Cost Estimate - Vertical

Cylinder (300 psi - 250 & 100 Persons) T-,;

7-19 Cost of Isolation System as a Percentage 7.78

of the Shell Cost

7.20 3priq ProperUtie 7-8S

KMt



CHAPTER I

INTRODUCTION

1-1 Objective

Upon the detonation of anuclear weapon. pressure waves
of tremendous intensity are trsmitted into the air and into the
ground. These wavet. which decreoase in peak intensity with
distance fromn ground zero, propagate radially outward from the
vicinity of th* expl~ulon. The ro3ulting forces imposed on the
ground and on structures buried within the earth. cause the mo-
tions termed "ground shock". Personnel and equipment housed
in shelters subjected to ground shock motions require protection
against possible injuries or damage which may result from vi-
bration or impact forces. Such protection can be achieved by
providing an energy -absorbing system (shock isolation) between
the structure shell and the personnel and equipment.

The purpose of this study is to deve'op effective, econom-
ical shock isolation teChniqUec1 applicable to hardened civil de-
fense shelters for protection vf personnel and equipment against
the effects of ground shock from nuclear weapons. Blast nver-
pressure levels up to 300 p, a. I. for a 20-MT surface burst are
considered

1 -2 Description of Report

The body of the report comprises three groups. namely.
(1) Chapter* U to VI whic.h contain basic criteria %od genw.di
shock isolation methods. (2) Chapter V1I which contains de-
sign studies. and (3) Chapter- V111 which summarizes the infor-
mation and dati4 presented In the preceding groups and also pre-
sentsi conclusions and recommendations. In the appendixes will
be found the detailed background Inform&-.on and data from which
were developed Ohe contobts of Chaptersi U to' VI

Chapter 11 describes the procedute for calcuelating shock
spectra and Includes a discussion of measured ground motions
and structure' motious and shock spectra concept.



Chapters III and IV cover the topic of shock tolerances
for personne. and for equipment. The reslts of the research
are summarized and recommended tolerance -Iesign criteria are
presented.

Chapters V and VI are devoted to general shock isolation
techniques, including shock-isolated platforms, protective cush-
ioning materials, protective clothing, and restraining devices.

Design studies of specific shock-isolation systems a:e
developed and illustrated in Chapter VII.

The appendixes contain a detailed compilation of the
basic information utilised in the body of the report. To facili-
tate the use of the appendixes. the references prefixed by the
letters A, B. C. or D throughout the discussions in Chapters 11
to VI indicate the corresponding sections of the appendixes which
are prtinqnt.
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CHAPTER It

GROUND MOTION AND SHOCK SPECTRA

2-1 Meaw'aied Ground Motions

and Struc ture Motions

Ground rnotion. resulting fromi a nuclear weapon burst
may be transmitte. thirouh the gixond in a variety of ways.
At any par icular 8pound aange, the actual ground shock envir-
onment is a complex cbinatlun ef many effects. including
air-induced shock, irect-transmitted ground shock, surface
wares, reflected and refracted waves, and coupled effects.
These effects are further complicated by the interaction of the
ground and a buried structure during ground shock.

For design purposes. ground motions aseociated with
niclear surface bursts (surface bursts produce more severe
ground shock effects than air burets) are considered to be in-
duced by two distinct processes, namely, (1) air- nduced
shock. and (Z) direct-transmitted ground shock. The direct-
transmitted ground shock is a transmeission of energy into the
ground in the immediate vicinity of the explosion and it usually
of mQor importance only in very bigh-presure regions. Test
data bays indicated that the air-induced effects are substan-
tiily larger than the direct-transmtted effects for the peak
overpressures and type of site conditions involved in this
stidy. Therefore, only the air-induced effects need be csa-

tider ed.

t1aw air-inouced shock is caused by the baet wavo
traveling over the grou.d surface and genprating ei*ees weos,
into the ground which create ground motions. The 4aracter-
sUeS of the air-blast wave (Reference 1. 1) a * a fnction of

weapon yield, height of burst, and distance from ground ser.
This blast wave becomes the impulse io %ding on the ground
surface, inducing the ground shock effects. For a particular
impulse loadin, the resulting ground motions are dependent
upon geological conditions, type of soil, and depth below the
surface.

Field nwasurements habts been recorded during

a.tI



nuclear weapon tests. These data have served only as a guide
when estimating ground motions for Oeslgn inasmuch as the
scope of the test data was limited to specific weapon sizes
and overpressure ranges, and to site conditions which are
not necessr rily typical. However, thesa test data, in con-
junction with theoretical investigations, have been used as a
basis for establishing ground shock criteria for design pur-
poses.

Figures A-1 to . -3 (Appendix A, Pages A-4, A-S, &
A-6) include typcal curves depicting free-field vertical accel-
oration, velocity, anca displacement versus time as recorded
at the Nevada Test Site for a 40-KT weapon yield (burst height
of approximately 700 feet) -t 229 p. a. i. peak overpressure
as presented in Refurence 2. 2 (Section A-Z. Zb). Free-field
refers to the condition of the ground for which there are no
buried structures. Uround motions are shown fV.r various
depths below the ground surface down to S.% fet. These data
were recorded at a ground range (distance from ground sero)
where the air-blast wave arrived prior to the ground wave. at
the various depths. The acceleration data were recorded in
the field, whereas the velocity and displacement curves were
obtained by integration of the acceleration curves.

It is seen in Figure A-I that the acceleration-time
curves are characterised by a single, sharp, downward peak
(poise duration of appromately 10 meec. ) preceded and fol-
lowed by lower amplitude disturbances which become lees
pronounced with depth because of modification of the wave
during its travel through the earth. The surface air-blast
arrival time is designated by the vertical line labeled AB.
and the arrival timo of the motion is indiCated. la this case.,
the early minor disturbances correspond to the precursor
(&a auxiliary air-blast wave that precedes the main iticident
wave), and the geak acceleration is produced by the larger
peak of the main incident air-blast wave. The tL i of onset
of motion at the eurfacr. is the same as the blast arrival time,
and the delay time with respect to AS at vorious depths is
the time required for the pressure wave to travel from the
surtace. The accelerations folloting the peak pulse are as-
sociated with the pressure decay of the air blast, the elastic
rebound of the soil. and the arri-at of ground waves tron
sources closer to groud sere. As shwn in Flure A-I. a
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rapid attenuation of the peak surface acceleration and a de-
crease of frequency with depth occurred, both of which are
typical of free-field accelerations in both the vertical and
horizontal drections. The peak acceleration at the surface
(one-foot depth) was 1WR. 3 ., and the peak acceleration at the
50-foot depth was 12. 8 g. (One g. is the acceleration of
gravity. )

For larger weapon yields, such as the 20-MT surface
burst considered in this staidy, the general characteristics of
the acceleration curve would be similar to the data plotted in
Figure A-i except that the sharp peak would be followed by
disturbaices ni longer duration due to the longer positive-
phase duration of the air blast. The occurrence of varly dis-
turbances dependu on whether or not a precursor forms and
also on the relative velocity of the air -blast shock front and
the ground-wave propagation. If the ground-wave propagation
velocity (seismic velocity) is greater than the velocity of the
air-blast shock front, ground motions will arrive prior to the
air blast. These motions are generated (air induced) at loca-
tions closer to ground zero than the ground range being con-
sidered. J the seismic velocity is lese than the velocity of
the atr-blast shuck front, the onset of the ground notions is
associated with the arrival of the air-blast wave, as is the
case for the test records shown above.

The peak Incident pressure and the shock-front velocity
of the air -blast wave decrease with disance from ground sero.
The seismic velocity Is nearly the same value (for particular
geological conditions) regardless of the magnitude of the
ground waves, Thus, as the air-blast wave travels away ( -or
ground sero, a point is rached beyond whth ground motiou
will arrive prior to the air-blast wave. %uch ground motions
may cause an intUal upward motion; however. it Is expected
that these earl disturbances will be of minor mnanitude com-
pared to the amplitudes associated with ' e main air-blast
shock. For typical soil sitec the ground motions will arrive
prior to the air-blast wave at ground ranges where the peak
incident overpressures are lee tha- approulmalely 100 p. s. i.
The delay Ute betwten the onset of ground motion and the at -
rival ot the air-blast wave will, nAturally, Increase as the dis-
tance from ground zeru increases.

As the peak incident overpreessre decreases (1. e..
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increasing distance frorn ground zero). the upward peak accel-
eration following the sharp downward peak tends to increase
with respect to the downward peak (Reference 2. 2). As ex-
ample#. for the overpressures considered in this study, at
the 100 -p. s.i. ground rarge the ratio of peak downward to up-
ward Acceleration would be lower than at 300 p. a. iL; and at
25 p. a. i. the upward peak may be equal to the downwaed peak.

The accelerations occurring prior to. and following. the
sharp downward peak depend on the ground-wave contributions
at the particular site and on the precursor effects. These can
combine to cause a random-type motion of variour frequencies.
The ground -wave contributions from points closer~ to ground
zero tend to extend the duration of the disturbaor's slne they
may arrive after the duration of the positive phase of the air
blast (Reference 2. 1).

A somewhat clearer understanding of this ground motion
over its entire duration can be obtained from study of the free-
field ground velumity and displacement wave forms.

Velocity-time curves, obtained from a numerical iute.
gration of the acceleration-iline curves, are plotted in Figure
A-1. The shapeg *1 the ve"Iycurves art similar to that of
the air-blAst wave 'Mt fal off somewbet more rapidly than the
air -blast wave and become ser* before the end of the positive
phase of the air-blast. The rebound of the ground motion re-
sults ku a peak upward velocity whith Is expected to be much
smaller than the downward velocity (Profrence 71 3), although
the rebound portion of the plotted curves is not complete. As
may be expected, attenuation of the velocity with depth bet
the ground surface it considerably less tham that of accelera-
lion since the duration of the acceleration Plse increases
with depth. The peak velocitiles vary groin IS.9 to 4.66

Igo/e.

Dinplacemeat-time curves. obtained from a double in-
tegration of the acceleration, records, are pletted in Figure
A-11. ft is sees thaI the wave forms ashlbit a gradua time of
rise to the peak value which occurs approimaity at the en"
of the positive phase of the air blast however, for other s
comiditian the peek displacement mas may occur at an earlier
time. Actually, a near-peek value occura coeelaitrably before
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the end of te positive phase inasmuch as rnos t of the impul'es
is expended in the early portion o! the sir-tlast wave because
of tht. rarid decay. These displacement curves obtained by
integration of the acceleration records are not valid beyond
the peak d-splacement value. Other data of direct displace-
nrint measurements, as eresented in Reference 2. 3 !Sectior
A-Z. 2c) and Reference 2. 4 (S-t"tin A-Z. Zd), indicate t:it,
aftor the peak downward displacement, the displact- .-k n rc-
blunds becau!v €( elistic actiun and quickly damps ok-' '.
ing a residual permanent displacement due to plastic ic' .,
As shown in Figure A-3, the attenuati r ,)t the l.,,tk di% ..
ment with depth is gradual. The pro,, dplacecments va. y
from 3 to 3. S inch#*.

It ib to be noted that the displ.vevirn And vciicity
ground motions are cbaracterixed by Pt p, ,dominant single
duwnward pulse follewed by an upward pulse of lesser ampli-
t-ad and then by a quick damping out of the motion. In the
case of the displacement, the rebound may recover only a
portion of the peak do*nward motion and not result in any net
upward value. The duration of the downward volccity pulse to
iW the order of the positiv-p.aoe duration of the air blast.
and the duration of the corresponding downward displacement
pulse would be in the order ci twice the positive-phase dura-
tioi. A* previously iWicated, the acceleraUan wave form is
choracteriaed by a einSle, sharp, donwar. peak followed by
at upward peak amd then by a higb-frequency random-type
acceleration of lower atmplittde. The eharp downward accel-
era.Uon puise rvoslts in the peak Srmnd velocity, and the
subsequent accelratio.u. correspond to the decay and rv-bouna
o the velocity pules which, of course, signiflos that thV 1..
erea under the acielraUon-ime curve, following the down-
ward pulse. isa in the up ard direuLion.

Generally. the horisonta (ree-ield ground motions
have charocteristic similar to those of r!icalt motion in
which cast the is.tial peak moltuv is' cutward from grou#n
eto &dt is foilo .ed b a rebound It# the opposite direction.

Tho. rect.rdod freefield ground rnwtoa illulstrate
Senerc.l ground -shock phetnomena associated with a muclear
explosion. Actual ground shock motios fo" dLfoerent sit.
conditiots And other shock levels are uacertain. However, the



1 arameters affecting variations with regard to peak intensity
can be discussed. It is generally expected that the peak a(:-
celerations and the peak velocities increase proportionally to
the peak incident, overpressure of the air-biast wave and are
essentially independent cf the weapon yield. The peak dis-
placement is proportional to the impulse of the air-blast wave

and is, therefore, dependent upon both the weapon yield and
the peak incident overpressure. Thus, for weapon yields in
the megaton range, the peak displacement values, at a 729
p. s. i. ground range, would be higher than those recorded for
the 40-KT nuclear buret plotted in Figure A-3, assuming that
such a test were conducted at a site similar to the Nevada
Test Site. The strength and stiffness of the ground also af-
fect the peak intensity of the ground shock motions. The
peak intensities of the motions are assumed to be proportional
to the seismic velocity of the ground as will be explained in
Section 2-3. The seismic velocities of the soil layers down to
650 feet below the ground surface at the Nevada Test Site are
lower than those usually encountered at many construction
site a.

It is important to note that the ground motions described
above are free-field motions inasmuch as there were no
structures or other large discontinuities of mass present in
the ground in the area of the test measurements. The motion
of a buried structure, compared to the free-field ground mo-
tions, would depend on the dimensions and mass of the struc-
ture. Generally, a small light structure would tend to move
with the surrounding soil in accordance with free-field mo-
tions, whereas the motions of a larger structure would not be
the same as the free-field motions.

Except for an extremely long structure parallel to
the direction of the blast wave, the latter will completely en-
qulf the structure and surrounding soil. The loadiog lasting
se. eral seconds (for megaton weapon yi tis), would cause
the structure to experience a peak displacement of the same
order of magnitude as that of the peak free-field displacement
since the soil beneath the structure receives a total Inipalse,.
transmitted through the structure foundation, similar to that
in the case of the free-field impulse loading , Howe*%"r, the
peak acceleration of ths structure (considered as a rigid
body) would be less than the peak ground acceleration
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in the free field because of the longer rise time of the loading

on the structure.

Theoretically, in order to determine the motions of
an underground shelter, it is necessary to evaluate the inter-
action of the structure and surrounding soil during the trans-
ient ground shock motions. The phenomena associated with

these interaction effects are extremely .omplex and difficult
to analyze, and it is necessary that simplified conditions be
assumed to obtain even an approximate solution. For design
purposes, one such solution is obtained by means of ground-
shnck response spectra in which case the shock effects of
estimated peak ground rnotions are represented in terms of
the peak dynamic response of the structure and its contents to
the shock environment. Shock spectra cuncepts and the pro-
cedure for calculation of shock spectra will be described in
the following sections.

2-2 Shock Spectra Concepts

When structural systems or equipment are subjected
to a base disturbance, as for example that arising from the
ground motinn associated with a nuclear blast, the response
of the system is governed by the distribution and magnitude -f
the masses and the resistance eems.L-. A knowledge ot the
rnisponso of systems subjected to such loadings is extremely
Important from the standpoint of design in order to protect
the ctructure, equipment, aan personnel from shock damag .
11 is necesesry to cou 6der thi tranumiasion of shock and vi-
bration to only the Interior atructuri componvnts and fo" -
tents of the tru-ture, since for exterior pot tiusit ot the stt.c -
turc. it is generally sufficient to cnnsider the predorinant
oifect of the dirtct pressure only when anslyainq and designing
individual exterior portions of the structure.

For purposes of assessaing the relative effects on com-
ponents uf a structure, or the effects on items mounted within
the ctruc ure, one of the simplest intorpretaticns of ground
motion data involves the concept of the response spectrum&
which is a plot of frequency versus maximum response of a
simple linvar osuillator subjected to a giveA input motion
Studies of shock spectra that have been determined from
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ground motion measurements, from both blast and earth-
quake sources, suggest that response spectra can be described
in a relatively simple manner in terms of the maximum val-
ues of ground displacement, velocity, and acceleration.

As discussed in the previous section, the time history
of the actual ground motions caused by the passage of a shock
wave over the surface is very complex and subject to consid-
erable uncertainty for site conditions and shock levels dif-
lerent from those of the full-scale nuclear tests. However,
the principal effects on equipment and structural components
can be described quite readily by use of the concept of the
shock response spectrum.

An item of equipment or an internal element of a
structure supiorted at a point In an underground structure
subjected to ground shock motions can be represented as a
simple oscillator as shown in Figure 2-1. This oscillator
represents a single-degree-of-freedom system which sigal-
fies that only one generalised coordinate. u, is necessary to
spccify the relative motion of the mass m. The oscillator
shown is an undamped system.

The absolute motion of the mass m is designated y.
the ground motion or support motion by x, and the motion of
the mass relative to the support by u. The resistance (force
developed) of the supporting spring connecting the mass to the
ground is r in which r a ku, where k is the spring con-

stant for the spring.

The natural circular frequency (radian% per second'
of the oscillator is given by the equationt

aud the natural frequency (c. p. a.) by:,f
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For a given transient ground motion x (t), the mass m
will be set into motion. Considering the ground acceleration
!A (t), the governing differential equation of motion in terms
of the motion of the mass relative to the ground motion is:

u + u = -k

The solution of this equation (Reference 2. 5) is the
response of the oscillator to the ground motion. This re-
sponse is the displacement u relative to the ground motion or

support motion. The maximum value of u is called the dis-
placement response spectrum, denoted herein by the symbol
D. The maximum value of the absolute acceleration of the
mass m is called the acceleration response spectrum, and
is denoted here by the symbol A. The maximum value of the
mass m relative to the support is approximately equal to a
quantity called the "pseudo-velocity" response spectrum V.
The maximum responses for the case of a small amount of
damping would be approximately the same as those calculated
for the undamped oscillator.

The relations between D, V. and A are:

D * Displacement Spectrum
V a u Velocity Spectrum
A wD a Acceleration Spectrum

For a given input motion the vatues of D. V, and A
are functions only of the frequency f of tLe oscillator (or sys-
tem) considered. A single plot of tht values of D, V. and A
can be drawn, as functions of frequency, by use of the ty-e
of chart shown in Sigur# Z-2. Spectrum values derived ft.,k
test measurenteis generally form a curve of the shape indi-
cated by the dashed line. As will be discussed in the tollow-
ing section, thslgn spectra curve, can be calculated on the
basis of peak ground motions. Such ep ira are represented
by a straight-line plot as shown by the solid line in Figure
2-1. This straight-line plot constitutes an approximate
spectra "envelope".

The spectra grid I a log-log plot determined by mul-
tiplication of the displacement spectrum values by the cir-
cular frequency W and the circular frequency sqWarO W
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thereby giving the velocity spectrum and the acceleration
spectrum, respectively.

It is shown in Figure 2-2 that the shape of the spec-
tra is such that the highest displacement response (7 inches)
occurs in the low frequency range and decreases as the fre-
quency increases. whereas the acceleration response in-
creitoes as the frequency increases. The highest accelera-
tion response is 12S S. The solid line is the calculated free-
field ground-shock spectra at the ground surface for a 20-MT
weapon yield at 100 p. a. i. peak overpressure level. For
example. an oscillator with a natural frequency equal to
5 c. p. a. would have the following peak response to the ground
motions: displacement D equal to 1. 3 inches and accelera-
tion A equal to 3. 2 g. With reference te.- Figure 2-1. this
means that the deflection u of the sn.-ing is 1. 3 inches caus-
ing a force r equal to ku. 7%e peak acceleration of the
mass is 3. 2 S. This acce1.-ration can also be determined
by dividing ku by m.

Free-:a&eld ground shock sp~ctra have been measured
in the f-i~d by recording the reopen*% of reed gages (oacil-
lag-,,a) of various frequencies. to the free fltd ground mo-
tions. Theoe reed gage@ are mounted In a container which is
buried in the ground. Spectra were also recorded within a
buried abelt.r by mounting reed gages to the interior of the
structure. Lianples of tost measurements recorded at the
Nevada Test are prevented in Section A-3. le. The designer
Is usualy confronted with the task of estabishing free-field
ground-shock spectra and design spectra for a proposed har-
denod structure at a site and a protection level for which
there are no dlirectly applicable test data available. The
nexut section describes a current procedure used for estim-
ating such spectra. This procedure for calculating shock
.pectra Is used in this study.

2-3 Procedure for Calculation of Shock Spectra

From studies of many earth-shock response spectra,
it has been found that the general characteristics and approx-
imate magnitudes of spectra values can be plotted if the max-
imamn values of ground displacement. gromnd velocity. and
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ground acceleration are known. Fortunately, it is not neces-
sary that the time history of the ground or support motion be
known to estimate response spectra, within the accuracy of
other weapon effects data.

Equations for calculating the maximum values of air -
induced free-field ground displacements, velocities, and ac-
celerations as presented In Reference 2-6 (Section A-Z. a)
are summarized in Appendix C. Accord2ing to these equations
(and as discussed in Section 2-1), peak ground motion* are a
function of the weapon yFetld, peak incident overpressure,
geological conditions. and depth below the ground surface.
The geological conditions are represented by the seismic vel-
ocity profile at the site.

When applying the equations, it is found that the peak
ground motion* are approximately proportional to the seismic
velocity profile as follows. The peak displacemept is depen-
dent on the seismic profile down to the lower depth* (thous-
ands of feet) and is also dependent on the near surface layer.
The elastic component of dieplacement consists of strains
down to great depths, whereas the plastic component occurs
primarily in the upper layer. Small variations in the depth of
the various seismic (ground) layers do not affect the computed
peak displacotment. The peak velocity and the peak accalera-
tion are dependent on the seismic velocity in the vicinity of
the deptb being considered and are, therefore, sensitive to
thck.., of the seismic layers.

Free -field ground shock spectra at each depth depend
on ilhe peak free-field 1tround motiona at that depth. The low.w
frequency range of the speetra depends on the peak ground
displacement, the high-frequency range on the peak displace-
ment. and tht intermediate frequency range on the peak ground
velocity. IThe spectra envelope (risfer to solid line in Figure

-2) is detbermined as described below %,aeterence It 6i):

1. A line parallel to the lines of constant displace-
ment, drawn with magtutde equal to the maxi-
mum ground displacement D.

A. A lie o( constant velocity drawn with a magnltude
of 1. S times the maximu~m gSoued velocity V,
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3. A line parallel to the lines of constant acc.eleration.
drawn with a magnitude equal to the maximum ac-
celeration.

It is generally felt that spectra measured Within A
structure would have lower values at certain frequenclen than
the free-field shock spectra. As discussed in Saction 2-la a
buried structure would tend to experience a peak displacement
, . the same order of magnitude as the peak free-field displace-
ment. This means that the low-frequency portion of the struc-
ture spectra would be similar to that of the free-field spectra.
It is expected that the peak acceleration of the structure (as
a rigid body) would be less than the peak ground acceleration.
This corresponds to lower responses in the higher frequency
range of the structure spectra compared to that of the free-
field spectra. Depending on the flexibility of an actual struc-
ture, peak accelerations of the roof slab may be higher than
the rigid-body acceleration of the structure if the roof Is near
the ground surface. In addition, it may be possible to trans-
mit high-frequencV ground accelerations directly through the
structure roof or walls although these acceleratioas would also
be reduceC because of the structure flexibility and structure
damping.

Although it is expected that thes peak acceleration (and
theresby the acceleration boumd of the spectra) for a burled
structure may be considecably loe than lihat of thc freet-field.
the extent of this reduction and its exact dependence on the
paramneters involved (sia. of structure and geology, et.) is
not known. The recommendations presented in Section A-3. lb
will be followed. These recommendations sre based on a r.
view of the scant test data available and on other Information.
This study includes shallow-buried structures with an earth
cover in the ord~r of several feet. to addition, both abort
(loe than 30 feet) and tall structures are considered. Geo-
logical condltionni are based on a sail sib..

IFot short, shallow-baried stauctues, the design shock
spectra for the smortwes &hall be the am* as the free-field
spectra at a depth approximately equal to the mid-height of
the structure.

Tat oetaishing design shock spectra for tall, shallow -



buried structures, it is advisable that the free-field spectra
at a depth above the rnid-beight of stricture be used. This ac-
counts for the added induced motions of the structure due to
the larger frictional forces acting on the exterior surface of
the shell of a tall structure. In addition. because of the
rapiJ attenuation of the peak free-field acceleration with
depth, the application of the free-field spectra at the mid-
1,aight of a tall structure would not properly account for the ac-
celeration of the structure, due to the impact of the biast
loading on the roof. Also, the displacement at the base of a
tall structure will be larger than the free field at the same
depth because of the direct transmission of the virtually up-
attenuated roof loads to the soil below the foundation compared
to a considerable attenuation in the free fiold as the blast
wave propagates down through the soil. For the case of a
short structure this effect would be small.

It is important to note that these recommendations are
based on a soil site. and judgment must be exercised in their
application with regard to the changes in soil layering ad-
jacent to the structure. For a structure located an a dense or
rock-like material compared to the soil above, application ot
the free-field spectra at the mid -height or above may result
in peoa displacements which are too high.
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CHAPTER IIU

SHOCK TOLERANCES FOR PERSONNEL

3-1 Basic ContcePti

The purpose of a -ivil defense shelter to to provide per-
**nal and emergency equipment with a level of protection~
against the weapon effects associated with a nuclear burst. For
blast shelter&, this protection level is generally specified in
terms of a particular peak incident overpressure level (equiv-
alent to a particular ground range) for a particular weapon yield
and height of burst. The structure is designed to carry the
blast pressure loads without interior pressure buildup. It is
also designed to reduce the thermal radiation, nuclear radia-
tion. and ground shock motions to tiorable levels. The
blast-load structural design requirements will. In almost
every came. provide more tha enough thermal radiation
shielding. At very low overpressures (5.10 p. a. 1. and below)
additional shielding is generally required to obtain the mecaa.
Gary fallout-radiation protection. Theo shielding is achieved
by increasing the roof slab thickness or by providing additional
earth cover. For higher ovetpueesur*s, initial nuclear-
radiation shielding requirementa may control the toot thickness
or depth of *arth cover.

Ground shock motions cannot be comnplot~y prevented
from affecting the shelter Interior' in the manner that the Wast
pressure loading is resisted by the shelter and ambint %wes-
sur*s ate maintained Shock effects can be attonatewd t not
eliminated. The structure provides, only nomina protection
against the ground mtions. depending upon tOe flexibility of
the structural members, For ad1ditional shock protection.
an energy-alsoorbing systemn must be rovided between the
structure shell and the personnel. Tim extent of thi shock
isolatioa depends upon the personnel tolerance leviels.

For personnel housed in a hardened. underground
structure, the principal biological1 effects of ground shock t-
commas pair, of injuries that might Occur as a "sequence of
the motions of the shelter. Proper assessment of Whis hasard
require# knowledge in at least two areas. namely.
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(a) information coikcerning the motions of the structure. and
(b) man's tolerance to the environment as a function of the

motions.

Tha structure motions, which are a function of the
free-field motions discussed in Chapter U, are transient
(several seconds duration) in nature and are characterized by
(I) a low-frequency downward displacement which reaches a
maximum value generally near the end of the positive pLae
of the air blast wave, then iebounds and damps out
quickly. and (2) a high-frequency random acceleration which
reaches a peak value in the extreme early stages of the mo-

tion. In some cases, the initial motion may be upward but
of less magnitude than the following downward movements. In
addition, there is horisontitl motion of the structure of sim-
ilar character.

Although exact magnitudes of the structure motions are

not necessary for estimating shock and vibration tolerances
for personnel housed within the structure, the nature of the
motions and their duration are considered pertinent since tol-
erance has moeanng only in terms of a particular type of en-
viro nient or exposure.

Because the motions in a ground shock environment are
transient in nature and could possibly result in imparting an
abrupt velocity change to the body. either in stopping or

starting. in addition to a shaking or vibrating of the body. it
is necessary that human tolerance to two types of shock ex-
posures be considered; namely. (i) impacts iavoving vblocity
shocks c€Asing body aiceleration or deceleration, and (a'
body vibrations.

tn a structure subject to ground shock, a person may
experience various types of motions depending upon his loca-
tion and poeture withir the structure tL. upon the flexibility
of the supporUnt system. The lautr is a function of the do-
tre of isolation of the seat and/or loor which supports %he
subject. and of o4;ether or not he te attached to his seat by
strapo or seat bells.

U the (loot is not shock ,iulated. its mations re atp-

proimiately tho tame as those of the srucntoe as in the casp



of a floor slab which is monolithic with- the structure shell.
Therefore, a subject not attached to the floor is vulnerable to
imparts resulting from collision with the floor due to the.
structure 'supping out fro~m beneath him and/or the structure
rebounding upward beneath him. Impacts may also result as a
consequence of the subject being thrown off oalance because of
the horizontal motion* of the structure resulting in his being
thrnwn i4udaly against other persons, furniture. walls. or
u'a1er hard surfaces.

If a subject is attached to a structure. he will exper-
ience the actual motions of the structure. In some cases. the
resulting effect could be more severe than that for non-attached
personnel.

The floor system may be shock isolated by either being
mout'ted on springs or being suspended from the* ceiling. In
this case, the motions of the floor differ from the structure
motion. Peak structure accelerations will be reduced and the
floor response will be a vibration in accordance with the fre-
quency of the system, This vibration will. in general. be
somewhat longer in duration than the transient structure mo-
tions. depending upon the amount of damoping in the spring
system, It is expected that most systems; will stop vibrating
in loe than 30 seconds. Although the floor motion is modi-
fied. separation from non-attached personnel may still re-
sult depending on the degree of shock lsolation. If the Isola-
tio limits the peak acceleration response to lose tha one
g.. separation will be prevented. Personnel attached to a
sbock-isolated floor by means of seat belts or other strapping.
will experience the vibratosy response of the floor. A *.'#,;*ct
may also be isolated by individual isolation of his support,
such as a spring-mounted chair or COL Is Wis case. he will
be subjected to the vibratory response of the individual support.

The motions of a siruccoure in a 6,.Dead -Shock envirto-
ment may have several possible effects on personnel housed
within such a atracture. The motion may Interfere directly
with physical activity and/or it may relt in discomfort,
pain, trauma, or mortality. Other offsets associated with
long-duratimn vibration*. such as irritation and fatige, at*
not likely due to the transient nataie of the motions.
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3-2 Summiry of Results of Research

3-2. 1 General

Pertinent information corcerning impact and vibration

effects on personnel was obtained from a review of literature
and at meetings with various organizations in this field. Data
compiled from pertinent publications arc presented and die-
cussed in detail in Section A -4 of Appendix A. Minute% of the
meetings are presented in Appendix B. This section sumrnmar-
izes the signitcant results of this research.

To date, personnel tests conceived specifically for the
ground shock environment have not been performed. However,

based on tests and studies of human and animal response to
vibration and impact associated with other types of shock en-
vironn,ents, it is possible to prepare estimates of tolerances

for the ground shcock environment. Naturally, a degree of
uncertainty will subsist with such estimates until appropriate
tests have been conducted.

Impact and vibration tests have been conducted to es-

tablish perstonnel tolerances fo" such shock environments as
aircraft ejection, high-speed air and space travel, shipboard
explosions, Impact due to falls, and miscellaneous industrial
shork environments, etc. Even in these cases where test
results are available, only approximrte tolerance lisnits have
been established since the exact physical mode of action oi
any exposure varies with respect to individual physical.
physiological, and psychological reactions. V.,ry often. test
results can be evaluated only on a statistical basis.

3-2, 2 Vibration Toltrances

Refereaice 3, 1 (Section A-4. Za) reports on tests per-
formed to detelmino &hole-body respon i and tolerance to,

sinusoidal vibrations In the frequency range from I to 70
c. p. s. In these tests, subjects were placed (non-attached)
in a standing, sitting, or prone pruiton on a horitontally or
vertically vibrating platform. At various wrlected frequenciel
and amplitudes subjective responses ranging from the itresh-
old of perception to the threshold of pain were recorded. The

latter th ,eshold was considered as a tolerance limit 4iul the
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motions were discontinued beyond this level. Exposure
Limes ranged from 5 to Z0 minutes. In analyzing the results
of several such investigations i n terms of wi) ingness of a
subject to tolerate various levels ol vibration exposure (Ref-.
erence 3. 1). it was shown that the variability among different
studies is very great; the results were averaged and simpli-
fied as plotted in Curve a of Figure .4 -4 (Appendix: A, Page
A-26). In this figure, subjective reactions indicating toler..
ance are plotted as a function of frequency and acceleration.

In considering this data relevant to the ground shock
problem, it should be noted that Curve &. represents a sum-
mary of tolerances fo., relatively long exposure times (on the
order of 5-40 minlltes) probably rendering the values of tol..
erance necessarily conservative for the considerably shorter
exposure times resulting from ground shock. According %'0
Curve a, the lower level of tolerance for these relatively
L..ng exposures is about 0. 25 g. From Curve a it is also seen
that th4 average torable limit is about 0. 3 g. in the low-
frequency range, then gradually increases after 30 c. p. s..
reaching one g. at about 80 c. p. a.,. and sharply increasing
after 100 c.p.a$.

A source of information on shorter time vibration tol-
eranco for supported (attached) subjerts resulted from the
experimental worh reported in Reference 3. 2 (S,ittlon
A-4. Zb). In these tests, exch of 10 mate subjects was sup-
ported in a seat with a standard seat bolt and shoulder harness
and was exposed to an increasing sinusoidal, acceleration at
selected frequencies in the range from I to i5 c. p. a. At
each frequency. the amplitude was increased to tie point
where the subject stopped the run becaivo he thought that
further increase might cause bodily harm. This amplitude
was considez ed as a tolerance limit. Exposure times ranged
from 18 to 208 Peconds.

Tite average results of these tests are presented in
Curve b of Fitgure A -4 whicN show%. the tolerance ior each
frequency.

It Is tu. be noted fiom the curve that the lower loe',l .i
tolerancie iio between I and 2 S. at 3 -4 c. p.sa. and 7 -8 c. p. a.,
and the higher level is 7 -8 g. at IS e. p, a. These levels are
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considerably higher than the results of other tests reportd
in Reference 3. 3 (Sec.tion A-4. Zc) for similar suxpport condi-
tions but for somewhat longer exposures. Tolerance levels
obtained in the tests are shown on Curve c of Figure A-4.
Relatively high acceleration senbitivity was indicated at 1,
4 to 10 and above 20 c. p. s. The lowest level was 0. Z5 g.
and occurred at one c. p. s. It then increased to 0. 8 g. at
2-3 c. p. s. , decreased to 0. 65 g. at 4-8 c. p. a. , and theii
gradually increased to the maximum tolerance of 1. 4 g. at
17 -20 c. p. s. The tolerance then dropped to one g. in the
rangc of 24 to 27 c. p. s.

A comparison of Curves a, b, and ; of Figure A-4 in-
dicates that a high~er acceleration At corresponding frequtnci,-s
can be tolerated for shorter expnsure times, although varia-
tions in this data are no doubt part'ally due to diff.,rerncets in
the testing procedure, type of body support, posture, sub-
jective responses, definition of tolerances, etc For even
shorter exposure times acso':iate.4 with the ground shock,
corresponding tolerances may very weil increase beyorid
Curve b in the samne mannier as Curve b irtc.-ca#.-d abjove
Curve a, although the extent of this extrapolation is not known
(Section B-8).

Observation of the rolit'ivC e s~%e for vuri.,us ,re

quencies indicates that the body Ils evidently more sensitive
to vibration at particular frequencies, suggesting body-organ
and appendage resonance. Froi evaluation of Tigura A-4 and
also based on mechanical impedance test measurements
(Reference 3. 1). it appears that critical freq~uencies may
exist at all frequencies below 10 c. p. a. depending on the
direction of the vibration and the body posture. Above 10
c. p. a. , tolerance tends to inci ease although sortie sensitivity
may occur at particular ranges. After 80 c. p. a. there is a
sharp increase in tolerance.

Based on the available parsonnel vibration data as
summarized in this sectioti, the iollowiing taisfanc05 for re-
strained personnel (restrained referti to taioae persons btrapped
to chair# or cots) were considered for us~t in thi study: 2 g.
for less than 10 c p.sa.; 5 g, for 10-Z2i c. p.sa.; 7gS, for
20-40 c. p. a.; and 10 g. above 40 c. p. a, These values are
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considered to be safe for personnel subjected to the vibra-
tions (of a shock-isolated floor or seat) resulting from ground-
shock structure motions (Section B-8). The 2 g. value was
adopted for use in this study. The higher g. values were not
used because the required restrainina devices at these values
would generally be too elaborate for civil defense purposes.
In addition, it appeared to be advisable not to use the higher
g values, considering the type of shelter inhabitants--elderly
persons, children, etc.

Reference 3.4 (Section A-4. 2n) present3 tentative sug.
gestioris for vibration tolerances for personnel subjected to
ground-shock structure motions. These recommendations
were based on vibration tests similar to those described above.
Tolerance values are 1. 75 g. for seated, wall-restrained per-
sonnel; and 0. 75 g. vertical and 0. 50 g. horizontal for stand-
ing personnel. The latter valus for standing personnel were
-idopted for use in this study for non-restrained persons
(t'tanding, seated, and reclined).

To better understand the application of these tolerances
as design criteria for personnel subjecte to the vibrations of
a shock-isolated floor or support, it would be well to illus-
trate their use in conjunction with the specific shock environ-
ment designated for this study. The design spectra calculated
for the design studies (Chapter VII) are plotted in Figures 7-8
and 7-9 of Chapter VII. Referring to Figure 7-8 and consid-
ering the vertical acceleration tolerance values of 0. 75 g.
(nun-restrained) and 2 g. (restrained), it is determined that
shock isolation to the frequencies listed in Table 3-1 would be
required. Displacements of the shock-isolated platfornm rel-
ative to the structure are also listed. From Figure 7-9, hor-
izontal values for 0. 50 g. (non-restrained) and 2 1. (restrained)
are as listed in Table 3-2.

The required frequencies listed Tables 3-1 and 3-2
would generally necessitate the uce of a flexible connection for
the platform supporting the personnel. Such flexibility can be
achieved by the use of springs (see Chapter V). A support sys-
tem w1th a frequency greater than the above values would re-

spond at intolerable acceleration levels. Ratue space equal
to tho, above displacements must be provided between the
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Table 3-1 Shock Isolation Requirements
Vertical Direction

.75 g. 2g.
Overpr esure FrequencyDisplacement Frequency Displacement

(psi) (cps) (in) (cps) (in)

25 2.3 1.5 6.0 0.6
t0 1.0 7.0 2.0 5.0
300 0.7 14.0 1.2 5.0

Table 3-2 Shock Isolation Requirements
Horizontal Direction

O. 50 g. 2 S.
Overpressure Frequency Displacement Frequency Displacement

(psi (cp) (in) (cps) (in)

25 2.2 1.,G 8.5 0.3
100 1.5 2.3 3.0 2.0
300 1.0 5.0 2.0 5.0

isolated platform and the concrete shell. Overhead clearance
equal to at least the above vertical displacements must be in-
cluded to prevent impact of personnel with the concrete ceiling.

3.2. 3 Impact Tolerance

Impact effects involve a sudden single-pulse type sh .,
or motion, such as caused by explosions and impacts and blows
from rapid changes in body velocity or from moving objects.
Possible damage (Reference 3. 1) includes bone fracture, lung
damage, lnjury to the inner wall of the intestine, brain dam-
ag.. cardiac damage, ear damage, teari ., or crushing of soft
tissues. etc. Differences in injury patterns arise from dif-
ferences in rates of loading, peak force, duration, localiza-
tion of forces, etc.

It is pointed out in Reference 3. 5 (Section A-4. Zd) that,
should a parson be subjected to impact, it is likely that con-
siderable variation in the body area of impact will occur. In
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addition, there are many circumatazites in which impact may
involve glancing contact with an object; also, a great varia-
tion in the shape, weight ant4 consistency of the decelerating
object or surface may be involved. The character of the de-
celerating surface, the angle and area oi the body involved
at impact, the impact velocity, and tte decelerating time and
distance are each critical factors. Any modification of the
time of deceleration and the distance over which it occurs
will markedly influence the magnitude of the load and the rate
at which it develops. Such factors are responsible for human
survival after experiencing impact velocities greater than that
expected for mortality. Frequently, in these cases the sur-
face struck is soft ground and the impact area of the body is
large - the back, side. or ventral surface - thereby indicat-
ing that any cushioning of the impact, such as by use of mats
on the shelter floor, could considerably reduce the impact
effects on personnel,

In References 3. 5, 3. 6, 3. 7 (Sections A-4. Z, o. f,

it is concluded that one can tentntively take 10 ft. /sec. as
"an-on-the-average safe" impact velocity fur adult humans
and regard the probabilities of serious injury and avan fatality
for man to increase progiessvelv as he impact %elocity Is
elevated above ths fiRure. This tolerable velocity is based
on impact with a flat. hard -surface and for vart,)us body pon-
tWaes. Including lmpa.t of the head, impact in the standing
position with knees locked, and impact in the seatMd position.
It was Indicated that a higher impact velocity could be tol -
@rated for cases where the impact arc& of the body was larger,
such as the back. side. or ventral surface, or if the surface
collided with was not hard. such as suft ground. bnpac' -ith
a 90-degr*.i sharp cor. r would be much moa * severe thew
with a flat surface. Only about one-seventh of the impact
energy to cause skull fracture due to Impact with a flat sur-
face would be required for skull fracture due to impact with a
90-degree sharp corner. This would c -respond to an im-
pact velocity of one-third of the value for a flat surface, Ac-
cording to Reference 3. 5, the Impact velocity for the thresh.
old of mortality w*,uld be about 21 ft. /sec.

Reference 3. 8 (Section A-4. Zg) stakes that. for a
standing person with locked knees, no fractures can be ex-
pected at relative (impact) velocities below II ft. isec., and
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serious damage to the brain can be expected if relative vel-
ocity at contact is 16 ft. /sec. or more.

As reported in Reference 3. 9 (Section A-4. Zh), men
and dummies were exposed to deck motions on a ship when
large explosive charges were detonated under water. These
motions were characterized by a short-duration upward ac-
celeration which can be equated to a sudden velocity change.
The duration of tht accelerations was less than 10 msec.
This was followed by a deceleration phase lasting about 50
msec. In other words, the rise time to the peak velocity
was less than 10 meec. and the decay to sero velocity took

an additional 50 insec. The acceleration phase of this vel-
ocity pulse would be similar to the acceleration phase of the
sharp, downward ground-shock velocity pulse. However.
the decay of the ground-shock velocity pulse its considerably
long -, In the order of a second or seconds. Since it ap-
posre that the body is primarily sensitive to sudden changes
in velocity, this data would be pertinent. This type of shock
velocity would have an effoct on the hv,-dy similar to that pro-
duced by a drop test. In both cases a near instantaneous vel-
ocity change is experienced due to the relative velocity be-
tween the body and a flat ,Iurface. In the tests of Reference
3. 9, a stiff-legged subject and a subject seated In s. hard
,%ooden chair experienced IS g. for A meec. (peak velocity
of 4. 0 ft. /sec. ) after which the tests were discontinued. This
discontinuation does not indicate that a tolerable limit was at-
taed uince no physiological effects were reported except for
'some discotmfort in the stiff-legged position. A subject with
bent knees oxperienced an acceleration of 30 S. for 8 nasec.
(peak velocity of 8 ft. /sc. ) without discomfort. This f' ,.re
dues not necessarily represent a tolerable limit, but it doua
Indicate that, in the bent-knee position, humans are capable
of tolerating a higher impact velocity.

Reference 1. 10 (Sectijn A-4. 21) vorts on studies
of personnel injuries resulting from the wartime explosion

of a minesweeper. Injuries were correlated with deck mo-
tions. It was found that. for personnel without advance warn-
tag and in random body positions. injury due to an iniitil
acceleration of 50 S. for 6. 5 msec. (peak velocity of 1I. S
It. /sec. ) can occur. Fot personnel hurled through the air.
deck velocities of about IS ft. /sec. resutlted in collision-impact
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injuries. 'lis latter value is probably higher because of
collision with a large impact suri-ce of the body.

References 3. 11 (Section A-4. 2j) and 3. 12 (Section
A-4. 2k) describe other data relevant to impact on ships,
including the use of protective shoes. In a laboratory test of
cadavers, a velocity of 12 ft. loc. reached In 1. 3 msec.
caused some fractures to those without protective shoes and
no Injury to those with protective shoes. In addition, it
was stated that protective shoes and mats will protect standing
personnel against direct impact effects for velocities up to
20 ft. Isec. It was concluded that forces effective in producing
impact injuries are of very short duration (1-2 mec. ) produc-
ing extremely high accelerations (Z00-800 g. ) and peak vel-
ocities of about 12 ft. Isec.

From the data pertaining to impact due to falls or by
other mechanisms cauaing sudden velocity changes, it appears
that the Impact velocity can be taken as the significant injury
parameter, Although various combinations of acceleration
and duration (or deceleration and duration for collision) have
been imposed on personnel, in general. no injuries were re-

ported until an impact velocity greater than about 11 ft. /sec.
oc~curred. The time durations (time for peak velocity change)
are all extremely short, i. e., generally in the range of
10 meec. or less. For longer time durations, con3ideration
of an impact tolerance in terms of th* same peak velocity
change may be too conservative. This Is apparent by con-
sidering the use of a mat or protective shoes which increase
the stopping time and thereby permit a higher tolerable im-
pact velocity. Thus, for extremely short time duratlo. .
tolerance may be considered in terms of an approximately,
constant peak velocity change, and for relatively longer time
durations the tolerable velocity would increase as the time
increases. This phenomenon is due to the fact that, as the
stopping time becomes small, the acce..ration response of
the body reaches a peak (because of the body flexibility) and
shorter times and higher accelerations #are no more severe
than the most critical impact case of the body colliding with
a rigid surface. For thee sobnrt acceleration durations,
injuay is relatod to the kinetic energy which must bo ab-
sorbed by the body.
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This characteristic of impact effect on the body is in-
dicated in Referenc. 3. 13 (Section A -4 2m) which states that
subjects strapped to a seat experienced a trapezoidal accel-
eration pulse. For the trapezoidal pulses of extremely short
durations (in the range of 10 meec. or less), the areas of the
pulses were of the same order of magnitude, indicating that
the tolerance could be approximately related to a peak impact
velocity. However, for the longer duration pulses, the areas
of the pulses increased which corresponds to an increass of
the tolerable velocity.

Based on the available data summarized in this section,
an impact tolerance velocity of 10 ft. /sec. was adopted for use
in this study. This applies to impact with a hard, flat surface
in various body postures and to impact of the head. If the line
of thrust for head impact with a similar suri*ce is directed
along the longitudinal axis of the body, the 10 ft /sec. value
would not apply since the head would receive the kinetic energy
of the entire mass of the body. An impact velocity of 10 ft. /sec.
is considered to be generally safe for personnel subjected to
impact resu'ting from structure motions (Sections B-4 and B-8).
It is important to note that greater impact velocities may be
tolerated if the body is in a flexible position or if the area of
impact is large.

The effect of horizontal motions on the thiowing of per-
sonnel off balance or on hurling them laterally would depend
on the body stance and position, the acceleration intensity and
duration, and the rate of onset of acceleratioa (jolt). Investi-
gations of data conce. ning sudden stops in automobiles and in
passenger trains indicate that personnel could (depending .-
stance and jolt) sustain accelerntions which are less than t. 4 g.
without being thrown off balance. However, these accelera-

tions have durations of several seconds. Hence, the grumad
shock acceleration required to throw personnel off balance
will probably be greater because of the i..jrtened dutation and
amaiucated jolts of the acceleration. The tolerable horisontal
acceleration of 0. 50 g. (recommended in Reference 3. 4) for
ground shock protection of standind personnel was adopted for
use in this study for non-restrained persons (standing. seated,
and reclined).

Application of the above impact data Ps design criteria
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for personnel subjected to the non-shock-isolated structure
motions is not as simple as in the case of the vibration tol-
erances for personnel located on a shock-isolated platform.
One cannot evaluate all the effects of the shock environment
directly from the design shock spectra. Furthermore, the
impact intensity resulting from a shock depends upon several
factors, namely, he locatinn of personnel in the shelter,
whether or not they are thrown off balance, and the relative
motion of personnel (non-restrained) with respect to the
shelter floor. It is possible, however, to consider these fac-
tors in connection with t.e shock environment designated for
this study.

Table 7-5 lists the peak structure motions for the de-
sign studies presented in Chapter VII These motions describe
the movement of the structure as a unit.

rt is seen from Table 7-5, that the peak velocity at all
the overpressure levels is not greater than 10 ft. /sc. There-
fora. parsonnel attached to the structure (restrained in a
seat or cot) could tolerate the structure motions.

Velocity of individual exterior walls may be higher

than the abovementioned velocities because of the strurtural
deflections resulting from the blast loading on the wallu. The
blast loading will also cause a tra&.iverse %.ompresslon wave
to propagate through the wall. This compression wave could
be transmitted to the body if a subject is in contact with the
wall dtiring the time of the blast loading. Because of these

factors and also because the personnel may have a velocity
due to having been thrown off balance, personnel shoul a
prevented from entering into contact with exterior walls, An
alternate method would consist of providing protective cush-
ionijng material on the walls (see Chapter VI).

The relative motion of the persor.scl with respect to
the structure floor can be estimated by comparing the struc-
ture displacement versus time with the personnel free -fall
displacement due to gravity. An approximate (synthesised)
displacement-versus-time curve was computed in accordance
with the procedure given in Reference 3. 14 (Section A-7. Zj).
This procedure is presented in Appendix D. Displacement-
versus-time curves were computed from each of the design
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tpere-ti ru,,'- in Figures 7-8 a .d 7-9. These displacement
-urve% are equivalent to corresponding spectra; i. e.. the
maximum -eaptw se, of a simple oscillator (Figure 2-1) sub-
jerLvd to a support motion which is equal to the computed
lisphLcement versus time, would be the same as the response
cpectrum value at the frequency of Lhe oscillator.

Figures 3-1. 3-2. and 3-3 show a plot of computed
downward structure displacements and free-fall displacuments
for the 25-, 100-, and 300-p. s, I. overpressures, respective-
1. It is seen that th.e peak relative displacements are equal
to 0. 3 incLes, 2. 1 inches, and 8. 4 inches for 25, 100. and
300 p. 3. i,, respectively. Overhead clearances equal to, or

greater than, these vaJues should be provided to prevent im-
pact of personnel with the ceiling or with other overhead ob-
jects. Such impact could not be tolerated because the head
would absorb energy from the entire mass of the body. If
se'fficient overhead clearance cannot be provided, protective
cushioning material should be provided.

The impact velocity at the impact point (Figures 3-1,
3-2, and 3-3) for each pressure level was compii ,d. The
impact velocity is equal to the downward velociLy .f the per-
sonnel minus the downwyard veltity of the atrm.ctu,, nt the
time of impact. These veloclie, are listed in Table 3-3.

Table 3-3 Downward Impact Velocities

Personnel 1'ree-Fatll Structure Vc., IMroDct

Overpressure' Velocity at.Impact at Imrp-ct V,.*

25 p. s.i. 2. 5 it. ,o&C. 1. 1 ft./ sec, . 4 f,./ eec
100 p. s. i. 5. ft. /sec. 1. 2 ft. /ace 4. 3 ft. /sec.
300 p. . 1. 8. b ft. /sec. 0. 5 ft. /sec. S. 1 ft. /sec.

For the cases considered Abo4,. the personnel will

regain contact with the floor slab before the peak displace-
ment occurs. The associated lmpa. velocities in the vcrti-
c€l direction are all less than 10 ft. /sec., and are. there-
fore, tolerable. As the overpreesure level increases, im-
pact occurs at a time closer to the time of the peak downward
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displacement of the structure. For overpressures above 300
p. s. i. or for other site conditions, the structure may be r-e-
bo;.nd~ng apwards at the time of impact. In such a case, tiie
impact velocity is equal to the free-fall velocity plus the u".-
ward velocity of the structure. However, as discussed in
Chapter Ui, rebound velocities are considerably lower tLh.-
peak downward structure velocities.

Since the structure also accelerates horizontally, thta
structure floor slab will have moved horizontally at the time
of vertical impact. Computed horizontal displaccrncnts are
plotted in Figure 3-~4 for ?.5, 100 an~d 300 p, s. i. Fir the
300. and 100-p. s. i. overpressure levels, the peaK structure
displacements of 5 inches and 2. 3 inches will have virtually
occurred at the time of impact. The horizontal etruct.rd
velocity at the timne of impact will be close co zero. For
2 5 p. s. t., approximately one -half the peak hoi-izontal di a-
placement would have occurred at the time of imrpact, at wnsch
time the horizontal velocity o.f the struacture Is aLUout 0. 5
ft. /sec. These curves depict only an estimste of the time-
history motion and it is possible that horizontal velocitias
may differ et the time of impact. In addition, thare may occur
the more severe case in which the stiurLure icecelerates in
the horizontal direction prior to separation of the loor.i from
peraornnul in the vertical direction.

Based on the mnagnitude of the ps~k structur% accelera-
tions in tha. horizontil direection (Table 7-5), non-restroined
personnel would Ut- .trowvn:).e issulting In an iampac,.
with the floor, other peopla. and other sejaceait abj*t .s,
Sucha impacts may tbe at velocities greater than V)~ ft. /sec,
dim only to falling to tho fh'or fronk a standing positiorn. . r
espu.cially c~iticitl cae wou-.41 b'4 fall1iig !ackwardi nod strik-
ing the back of the head on tWe floor. It ts conuide'Q (Sec-,
tion B-8), howaver, that in mnost cases such a fall would be
cushioned by striking the back or arms. Impact with corners
or edges wAould be extrem~ely critical, even at velocities less
than 10 ft. /sec,

It !e important to note that permonnel would nat 40e
the full effect of the peak structare at. o~lerations (Table 7-.5)
because of their short duration and because a force no greater
than the friction force between the flour and the persoi,'s
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shoes (standing persounel) can be transmitted. In addition,
as mentiord above, the floor also accelerates in the vertical
direction thereby further reducing the horizontal force which
can be transmitted. At overprussure levels where the air-
blast wave arrives prior to the ground motiona (see Section
2-1), structurQ motions start upon such arrival. For these
cases, the effect of the sharp downward slap of the blast
loading will begin to be felt before the onset of horizontal
motions. At 300 p. s. i , the floor slab may drop from be-
neal" the pirsonnel before a horizontal force, sufficieAit to

throw persons off balance, can be transmitted. At 100 p. e. i.
this tendency would be somewh.t reduced, rnd at 25 p. a. i.,
ground motions would arrive prior to the air-blast %ave.
These early-arriving ground motions could result in horizon-
tal and up-vard motions prior to the sharp downward motion,
Tnus, at the higher overpressure@ wNhere peak horizontal ac-
celerations are much larger than at lower overpressures, the
effect of these accelerations on transmitting a horizontat
foice, and thereby throwing personneJ off balance, may not
be any groater than that for the lower overpressures.

In any case, the unrestrained personnel would tend
to lose their balance and fall over. It has been calculated
that Impact velocities due to personnel being thrown over
would probably not exceed 17 ft. /sec. This calculatior Is
based on information obtained from studits to provide pro-
tectiot in boxing rings. as presented in Reference 3. 15
(Section A-7. an). In most cases, theme fal~s would be cush-

ioned by strihing large areas of the body or arms, To pro-
tect against lnjury in those cases where & person falls over
and strikne his head at an impact velocity greater than IC ", /
sec., protuctlve cwshioaidng material should be provided. to
protect against in,. ry due to being thrown off balance and
striking a sh.a j cnrner o, edge, protective curshioning should
be provided, *von for impact velocities less than 10 ft. /sec

3-3 Recommended Design. Criteria

3-3. 1 General

Baaed on the personnel hcck tolerance data presented
and discussed in the prevfous sections of this chapter,
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recommended design criteria for this study are presented be-
low. Criteria are presented for three protection levels, The
protection level chosen for a particular design depends upon
desired reliability of protection, functional requirements,
and cost limitations.

The first protection level affords the most reliable
protection of the three levels and requires a shock-isolated
interior platform to reduce the high accelerations of the

structure tc) values tolerable for personnel.

The second protection ievel requires the use of pro-
tective cushioning material on the floors, walls, and other
surfaces with which personnel may experience impact. At
this protection level, the floor is part of the structure shell
and will move with the high accelerations of the structure.
The cushinning material provides protection from injuries
which may be caused by (1) impact at velocities above 10 ft. /

sec. resulting from falling over; (2) impact with corners,
edges, and oerhead objects; and (3) compression waves trans-
mitted through exterior walls. In general, the protection re-
lirbility of the second protection level would be less than that
of the first. However, the additional risk involved depends
on the age and the physical condition of the personnel as well
as cheir location and posture within the shelter. Although gen-

eral protection against impact injury is provided, it is pcs-
sible that Injuries may result for persons of certain age
groups if th..y coilld; in an awkward position with the struc-
ture o-. against each uther. Adults falling on young children
could cause injuries to the children. Elderly persons may be
injurcd if they fall over, even though protective cushioi.'";
material is provided. I is even possible that one person a
head may strike another person's head.

The additional risk for the second protection level is
also a function of the design overpressu i level. As dis-
cussed in Section 3-2, the hurizontal forces transmitted to
personnel arc not necessarily greater for the higher over-
pressure levels considered in this study. However, the af.
fect of the vertical imFact in combination with being thrown

over due to horisontal forces would be somewhat greater for
the higher overpressures. Thus, since the protection relia-
blity of the first protection level is the same for each
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overpressure considered, th- .dditional riek for the second
protection level incre . ,z;s a,; .hk design overpressure in-
creases.

The third protection level requires the use of a lim-
ited amount of protective cu,.hioning material. As in the case
of the second protection level, the 'o0or is part of the struc
tui e ahell. Cushioning material is prov!ided to protect from
injuries which may be caused by impact with corners,
edges, and overhead objects; aad (I) compression w:'aves
transmitted through exterior walls. For the overpressure
levels considered in this study, the only impact velucities ex-
ceeding 10 ft. /sec. are those due to a subject falling off bal-
ance. For the third protection level, it is assumed that a per-
son who is thrown off balance will have his fall oashioned by
impar't with large areas of the body or the arms. Therefore,
protective cushioning maLeial on the Poor and interior walls
would not be required. Trie probability of injury to some
people is greater than that for the second protection level.
However, as in the cast oi the second protection level, the
additional risk rv,.'.d depends on the category and position
of personnel within the shelter and on the design overpressure
level,

Te selecting a protection level for a particular design,
an additional factor is the adaptability of the required shock
isolation schene to the ftnction of the shelter, e.g., emer-
gency operating centers, special-use shelters, and dual-
purpose shelters.

3-3. Z Criteria

a. First Protection L.Lve! reqires shock-isoLated

1. Non-Restrained Personnel

The peak acceieration amplitudes of the per-

sonnel platforms shall be shock isolated to lese thtan 0. 7& g.
In the vertical direction and to les than 0. 50 g. in the hor-
isontal direction.

* Shock-isolated platierms as discussed in Chapter VI.
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2. Personnel Restrained in Anchored Seats or Cots **

Trhe peak acceleration amplitudes of the person-
nel platform shall be shock isolated to less than 2. 0 g. in the
vertical and horizontal directions.

b. Second Protection Level (requires protective cushion-
ing materials in lieu of shock-isolated platforms)* '

1. Non-Restrained Personnel

Protective cushioning material shall be provided
on such potential impact surfaces as walls, floo~rs, low ceil-
ings, and cornors and edges thereof. Edg~es and corners of in-
terior furnishings shall be provided with protective cuashioning.
Other surfaces of furnishings require individual evaluation to
determine required cushioning material.

2. Pt.-sonnel Restined in Anchored Seats or Cots

Since the peak structure velocities are not greater
than 10 ft. /sec. (Table 7-5). protective cushioning need not be
provided.

c. Third Protection L.evel (rosguires limited protection
cushioning materials in lieu of shock-isolated plat-
forms) ***

1. Non-Restrainied Personnel

Protective cushioning material shall be provv' a'd
on the followietg potential impact surfaces: exterior walls and
low ceilings. and corners and edges thereof. Edges and corners
c! interior walls and furnishings shall be provided with protec-
tive cushioning material.

3, Pirsonnel Restrained in Anchored Seats or Cok. 00

Somne as the socond protection level. Item bl.

above, I. a. , protective cushioning need not be provided.

#6 Restraining devire. art discussed in Chapter Vt.
**Protective cushioning materials are discussed in Chapter VI
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Note: Although the protective cushioning materials designated
in b and c above refer to cushioning of various interior sur-
faces of the shelter, cushioning in the form of protective cloth-
ing could be utilized in lieu of the cushioning of surfaces.
Bracing mechanisms, which prevent persons frurn falling
over, could also be used instead of protective cushioning ma-
terialti. Protective clothing and bracing devices are discussed
in Chapter VI.
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CHAPTER IV

SHOCK TOLERANCES FOR EQUIPMENT

4-1 Basic Concepts

In order to provide adequate shock protection )! ine-
chanical and electrical equipment and other components housed
witl-in hardened civil defense shelters, appropriate bhock tol-
erances for these items must be established. To prevent
equipment damage or malfunction, the peak accelerations re-
sulting from the ground shock environnment mast be attenuated
to tolerable valuec. Knowing the acceleration to'erances, the
necessary degree of shock isolation or the necessary addi-
tional strength can be determined for a particular ground
shock environment. This environment is specified by design
shock spectra (Figures 7-8 & 7-9).

The types of equipment items depend to some extent on
the requirements for the particular sbeltet, 1. a., the function
of the shelter (personnel shelter, control or communications
centers, etc. ), the required leve) of protection, the time in-
terval on which occupancy should be based, the populatinn
(family or community shelter, etc. ), and other factors. The
nirmal peacetime function. of dual-purpose structures will
also be a factor. The basic types of equipment likely to be
housed would include heating, veptilating. air-conditioning,
water supply, sanitation, and electric equipment, including
emerpency power supply equipment and commun'cations equip-
ment. Other interior components 'nclude interior fu.'"1'h-
ingo, partitions. d'.twurk, etc. A breakdown of the vartous
items is presented on page A-60 of Apperndix A.

Damrge to equipment may result in failures which can

be divided into tw'. classes: temporarp and permanent fail-
ures. Temporary failures, often called "malfunctions". are
characterized by temporary disruptlon of normal operation
when a shock or a vibration is applied. In some cases, sub-
sequent adjustments may be required lor estoration of ser.
vice. PermanAnt failures are cb&ractrined by breakage. re-
sulting in damage so severe that the ability of the equipment
to perform its intended function is inpaired permanently,
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The capacity of an equipment item to withstand shock
and vibration is conventionally expressed in terms of its "fra-
gility level" which is defined as the magnitude of shock (accel-
eration) that the equipment can tolerate aaid still remain oper-
ational. The !ragility level for a particular equipment item
is dcpevai-ent upon its physical characteristics: the strength of
the item (frame, housing, and components), and to some ex-
tent the nature of the excatation to which it is subjected. For
example, an equipment itenri may sustain a single peak accel-
eratlon due to a transient ground shock disturbance but may
fail under a vibration-type input having the same peak accel-
eration amplitude. This effect arises from the fact that the
fragility le'-el for a piece of equipment is actually a tolerable
peak acceleration of the equipment frame under a particular
shock test (tolerable in the sense that the equipment frame,
housing, and components were not damaged or disrupted).
However, Ander a different shock input resulting in the same
peak acceleration of the equlpeient as a whole, components of
the equipment may bave responded differently. For this r*a-
son, fragility data should be considered in conjutic~lon with
such factors as the natural frequencies and danping character-
istics oi the equipment components as well as the charactiris-
tics of the test input used to determine the tolerance. The
test input must be compared to the probable ground shock input.

Equipment itnens will generally be bolted o. otherwise
attached to their supports. Shock protection would be achieved
by mounting the equipmert on flexible supports (springs).
Thus, the equipment will be subjected to a v!bratory motion
(ground shock input). Provision of shock mounting to reduce
the peak acceleration amplitude to a tolerokle value may in.
traduce resonance problems because of the viba~tory input.

4-2 Samrary c-f Results of Rteeawl

Pertinent data concerning sbock effects on equipment
and other interior components wer% obtained from a review
of literature and at meetings with various crgiatsktioae,
Data compiled irom pertineet publications aru presentod and
discussed in detail in Section A-, of Appendix A. Minutes of
the meetis are prenented iW, Appendix B. This section sum-
marises the significant results of this reseerc.
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It is evident that, for the wide range of equipment which
may be used in shelters, the maximum shock tolerances will
vary considezably more than those for personnel. Although
personnel shock tolerances may vary depending on the age and
physical cnndition of individual persons, it was possible to es-
tablish one set of values which would have general application
(Chapter I1). To establish the maximum shock tolerance for a
particular itern of equipment, it is necessary to perform tests
or analyses. The shock tolerancos for items of simila func-
tion may vary depending oat the manufacturer and the exact
construction of the equipment.

Only select items of equipment have been tested to de-
termine sbock tolerances applicable for protectior from the
damage which may be caused by ground-shock motions. How-
ever, data are available concerniag ceneral shock effects,
indicating strength ai:! ruggedntes or sensitivity of equipment.
In many cases, safe acceleration values are known, although
it is recognised that maximum toltranced may be conaiderably
higher even though the actual limit has not been verified by
testing or analysis. These safe values were established on the
basis of the shock environment during shipment of the equip-
menat in railroad cars and trucks and on the loads sustained
during normal operation uf the equipment.

Based on transportation and conventional opurational
shock requirerments, most commercial mechanical and elec-
trical equipment items are known to be able to sustain at
leant ) g. See Sections B-2 at4 B-?, and References 4. 1
(Section A-S. Zg) and 4. Z (Section A-S. 1i).

rraglt ecaipment (sucL as electroni q.ipnent) can
generally sustain I. S g. See Section B-Z and References 4. 3
(Section A-S. U), 4. 4 (Sectlon A-S. Zb). and 4. S (Section
A -. Z)),

Shock toleraices for commercial mechanical and

electrical equipment a'e in many cases Waihor than :4 S. --
ptnbably S S. and greater. However, tie use of such accel-
eration values %otld require verification by shock teeting.

1ee Section B-? &ad Refer.nces 4. Z 4. 4, and 4. S.

Examples of expected tole rancet for equipment are
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given in Table 4-1. See References 4. 1. 4. 2, 4. 5, and 4. 6
(Section A-5. Zh;.

Table 4-1 Examples of Equipment Shock Tolerances

Item Peak Acceleration
Fluo: escent LI.ghting Fixtures (with
lamps) (References 4. 1, 4. 2, & 4. 6) 20 to 30 S.

Heavy Machinery - Motors. Genera-
tors, Transformers. etc. (4000 lb,.)
(Reference 4. 5) 10 to 30 S.

Medium-Weight Machinery - Pumps.
Condensers, Air Conditioners, etc.
(1000-4000 lb. ) (Reference 4. 7) 15 to 45 S.

Light Machinery - Small Motors, etc.
(1000 lb. ) (Reference 4.?7) 30 to 70 g.

As previously mentioned, peak tolerable accelerations
for a vibratory input depend on the frequency of the input
motion. If the input frequency is close to the frequencies of
the equipment components, amlplifications due to rosonace
will occur effcting a lower, tolerable input..acceleiration am.
plitude. It is reconmeded (Reference 4. 3) that squipmet
frequencies betweer IAi and I times those of the support for
the equipment be avoided, or that provision be moke for them
by considering a resonance phenomnaon with a suutained bmk-
monic input. The effect of resonance can be minimleed or
elim~ated by providiap saffcient damping in the shock &nt&-
tion system. However, when designlLrg shock tso!ation eye.
toins for equ.pnt. low-frequency systems (compared to
eq ipmnent froeecies) will be achieved inu wet cases, and
resonance should not be a problem tSection &. ). basad on
the relatively high brequanes of the comp"oets of Moo.
equipment items, shock isolation at trequease below 10
c. p. a. would probably be low enough to provont amplificatious
due to tow-'afce with equipmengt fequencies.

In general. maximum shock tolerances frr standard
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commercial equipment will -tot be known. Thus, safe toler -
able accelerations of 3 g. for mtehimai an4 electrical equip-
ment (rnost equipment in a civil defense szelter will be in these
categories) and 1. 5 g. for electronic equipment would have to be
used for design values. unless shock testing is to be conducted.
A discusaion of shock testing facilities ,ind current techniques
used for shock testing is presented in Section A-6 of Appendix A.

For the shock environment designateJ for this study
(design spectra plotted in Figures 7-8 and 7-9 2f Chapter V11),
the sho i- i c'ation frequencies and the relative displacements
requi. ed to limit the accelerations to 3 g. are listed in
Table 4.2.

Table 4-1 Shock h&.,atio' Rmeuirements

VwPti'al Direction Horlsontal Direction
Ovorpressure Frequency Disp.scement Frequency Displacement

-i2%i (Cps) tip') (cm?~ jift
as 9.0 0.4 13.0 0.1
O 3.0 3 Z 4.4 iS

300 1.4 14.0 Z.4 5.0

Except for the Lotiaontal directon at Ab p. a. I., de
isolation frequencies are less t a 10 c. p. s. To reduce the
13. 0-c. p. a. value, a lower acceleration and a Moher relAstive
displacement would have to be used in the design. The fre-
quencies listed in Table 4-4 (particularly tr" 100 & 300 p.ea. 1,
necessitate thoeaw of flexible connectioos for equlpmeet -- ,,-
ports. Such edbility cia be achie d by the see -4 opings
(Se Chapter iv). T. isolate fragile electroWe euipmen to
I. 5 1., 14wer fte.uvntcy systems thnG those listed In Table
44- would be requit ed.

t the case wbtte re vaitum shock tolerances ate known
from tests and particularly when the equipment is ruggd. it
may nut be necessary to provide a elaoble (0w rl) shock
moMnting. or example. retrreig to the dee.14r, spectra
(Figvres ?- end ?-). it the aceteratio- tolerane IV greater
tha l g. no shock isolatieu would be required at Cie IS.
p. s. I. overpressure level. In this case, the equipment could
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be anchored rigidly to the floor zlab, providing theie is no
problem due to resonance with the frequercies of the floor,
and alse provided that the required strength can be attained in
the connection to develop the high acceleration forces.

For other interior components, such as partitions,

furriture, cabinets, hardware, ductwork, piping, etc., it ls
not practical to designate general acceleration tolerances.
Each item would require individual analysis to determine the
3trength of the item compared to the imposed dynamic forces.
If the items are rigidly connected to the stru ture floor, wall,
or ceiii.ig, they must have sufficient strength to sustain the
high accelerations of the structuare. These accelerations would
be somewhat reduced if the item itself is flexible. If uccQs-
sary, shock mounting similar to that provi'lded for equipment
can be utilized.

Unattached furr.iture may be subjected to less severe
loadings than those imposed on attached furniture since the

high initial accelerationts of the structure will not be felt.
However, the stability of the furniture would have to be eval-
uated in addition to the possible hamard o nearby personnel.
The curves in Figures 3-1 to 3- can be used to estimate the

relative motion of the furniture with respect to the structure.

4-3 Recommended Design Criteria

4-3.1 General

Based on the shock tolerance data summ& ized ai,. -'I^-
cussed in the previous sectione of this uhapter. recommendied
design criteria are presented below. Criteria for equipment
,..:a presented for two categories: (1) non-shock-tested equip-
ment and (2) shock-tested equipment. Criteria for miscel-

laneous interior components ara alo given.

In addition to satisfying the acceleration and fsequency
limitations for equipment, other design factors must be con-
sidered: (1) sufficient rattle space, ae determined frim the
design spectra. must be provided to accominodate relative
displacements resulting from the flexibility introduced by the
shock mounting; (Z) cables and wires coknected fram the
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structure to the shock-mounted equipment must be flexible
enough to accommodate the relative displacements; (3) the

effect of rocking or tilting on the performance of the equip-
ment must be considered; and (4) mounting connections rr ust
be provided with sufficient strength to transfer the forces due
to the peak accelerations.

4-3.2 Criteria

a. Equipment Category One: Non-Shock Tested Equip-
ment

The peak acceleration amplitudes in the vertical
and horizontal directions and the peak frequency of the iso-
lated system shall not be greater than the following

Mechanical and Electrical Equipment 3 g. o 10 c. p. s.

Electronic Equipment 1. 5 S., 10 c. p. k.

b. Egipment CAtezory Two: Shock-Tested Equipment

For this case the tolurable accelerations as a fim.
tion of the frequency of isolation will be used.

c. Miecellaneous Interior Coiamnents

For miscellaneous interior cornponiants, such as
partitions, furniture, hardware, ductwork, piplin, etc.,
each item must be evaluated and sufficient strength, anchor-
age, end flexbility provided.
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CHAPTER V

SHOCK ISOLATED PLATFORMS

5-1 Introduction

The design of shelters for personnel protection level
one (Section 3-3) and/or for equipment (Section 4-3) will re-
quire the use of flexible support systems to attenuate to toler -
able livels the high accelerations associated with the structure
motions. Effective methods of accomplishing this are: (1 a
combination platform and spring support system and (2) indiv-
idual spring mounts. The former is usually employed when a
number of pieces of equipment require shock isolation and/or
when personnel kre to be protected while the latter is us,d for
the shoc," isolation of individual pieces of equip,.eent, This
discussion will deal primarily with the for.mier.

In most cases, shock-isolated platforms will have to
be low-frequency systems in the order of 2 or 3 c. p, s. or
less ior personnel protection (Tables 3-I and I-Z) and alightly
higher (Table 4-2) for protection of equipment. Frtquenciex
of these magnitudes usually require flexible systems fur both

the horlaontal and the vertical motions of the structure, Two
methods (Reference S. I to 5, B; Sections A-7. 2v to A-7. 2j)
are generally being used at thiU tine to produce the required
flexlbility; i.e., (1) pendulum arrangements whereby the
platforms are suspended from spring supports which in turn
are attached to the roof, ur near the roof, of the shell of the
structure, and (2) oase-mounted, shock -iobs14tvd platfori-;
platform irsting on spaittg supports which it httir are mt-ittted
on the base stab of the shell, The selection of the appropriate
system (or use in a specifi.v design is dependent upon the do-
sign criteria kpopulation, site cond'ticn. pressure leve, L-%d
functional requiremeno) in additiont to b, t$ interr'ated with
the required shape aw.l dimensions Wf shell (aile dependent de-
sign criteria), the reliability, and tho coes. These factors
will be discussed in mrl detmil 1 * sibsequont sat.. .ns
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5-2 Springs and Spring Assembly

5-2. 1 General

A spring assembly consists of the spring and its assoc-
iated equipment. The type of equipment will depend upon the
spring type and the method used to support the platform (pendu-

lum or base mounted).

Several dif:erent typei o. springs are available which
lend themselves to use in shock-isolated systems. They con-

sist of (I) air springs, (2) liquid springs, (3) conical volute
springs. (4) helical coil springi, and (5) beam springs. The

use of any of these springs in a particular system 4 be gov-
erned by the magnitude and direction of the accelerations and
displacements associated with the motions of the structure, the
platform sire (total load: dead load plus dynamic load), the
method of supporting the platform, and the reliability.

The use of the air or liquid springs is generally assoc-
iatrd Aith relatively larpe loads and displacements (in the or-
der of t%%o feet or more) (Sectiuns A-?. I and B. J). For the
loads and displacements associated with the shock environ-
ment for the pressure levels considered in this report. the use

of these springs will probahly be unecoromical. The air and
liquid springs (except In a closed system) require air or liquid
pumps to maintain the pressures necessary to cushion the In-
put loads. The reliability of these springs in shelters is prob-
ably somewhat less than that of the other types mentioned
above b,,cause of the ever present possibility ,,f the occurre.ic*
it prrssure lcak*ge vithin the sptlin systeus. Tis p-ssi illy
oi leastae tusually will reqoIre condnuous Inspeetioo which
would probably be undesirable for i:ivil defense shelters.
Beam and volute springs will be useful when small structure
mtions are enco,;ntered. That s, beam sprinlte will usually
suffice frr displacements of one or two inca iwhile volute
springs can be used for displacements In the order of four to
six inches. However. in most cases the use of helical springs
for structure displacements less thnn apprtximatety twenty-

tout inches will product the most efficient suspension system
insofar as strength and economy are concerned. Helical
springs, at the present time. are available i wire si.seup to
$- I/Z inches in diameter and free-heights up to five or six feet.

i | ! l l I I l l l l l l I l l l"~ l lllIII l*



5-2. 2 Helical Coil Springb and Assernbly

A helical coil spring is available in one of two possible
types, i. e., compression and extension (tension) springs.
The compression spring consists of a continuous, open-wound
helical coil finished at the ends so as to provide resistance
to compression forces. The extension spring differs from
the compression spring (insofar as general appeararce is enn-
cerned) only in that it has a close-coiled helical shape with
erads so formed as to permit its use in applications requiring
resistance to pulling forces.

a. Load Application to Spring

A load can be applied to a compression htlical
spring in one of two ways, i. e., in the first method, the load
is traneferred through a series of bearing plates and steel rods
with the spring acting as an intermediary IFigure 5-1l, while
the second method consists of applying the load directly to the
top of the spring which in turn will transfer the load to the
support below (Figure 5-2. b). The first method is typical of
the pendulum-supported, shock-isolated platform while the
second method Is utillied in a base-mounted Isolation system.

b. Pendulum Assembiy

In the case of the pendulum, the structure mmtinns
are applied first to the steel rod which is connoeted to the
concr%:te shell (Figure S-i) and supports the spring by means
of a flatge plate at the bottom of the rod. As the rod and the
plate moue down (structure motion), the load within the rpring
is relieved, thereby r'oliiving the pressure on the top fttnge
plate which aIupports the spring cage which in turn supports
the plattnrm attached below. By relieving the compression
in the sprin&, the platform will fall dul to gravity until
such time as it wtl begin to overtake ..,. bottom flange
plate. At this onsunt, the spring will again begin to recont-

press. The spring then vibrates about its "at rest" position
(deolectst position of the dpiln tauovd by the statii load al
the platform) until damping brings the system to rest.

In Zeneral. this sysona should be designed to a dy-

namic load response nut to exceed one g. Loads greater than
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Note: Universal connecticns at the top arnd bottom of the
pendulum are not shown.

U3 PPER TIE ROD CONNECTION TO
CONCRETE SHELL

TOP FLANGE PLATE

CAGE

BOTTOM FLANGE PLATE

LOWER TIE ROD

I CONNECTION TO
SUSPENDED PLATFORM

Fig. S-1 PENDULUM SUSPENSION SPRING SYSTEM
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Note: Soktrce Rleference 5'.

:EXTER OF GRAVITY MOUNT PREFr: I'Ni
ROCKVNG WNDER SIIOCK

VERTfICAL IIRZTL-Sl(KM*

(a) (c)



one g. will extend the spring beyond its free height which is
undesirable an~d may cause buckling of the tie rod (Figure 5. 1).
Furthermore, a dyi&iniic load larger than one g- will produce
an unstable suspension system due to the existence of the ball-
type (universal) connec~tions at the top and bottomn of the spring
assembly. The physical arrangement of the assembly is
adaptable to the pendulum sytstem because of the latitude
wi,'ch exists in the selection of the length of the tie rods; in
addition, thie pendulum connection to the platform usually can
be made near the center of gravity of the platiorm load.

The ptndulum spring assembly is quite adaptable to
shock-isulated platforms for personnel. Here, the systeir.
catn be designed economically for the low dynamic response
required bor personnel protection (Section 3-4), particularly
the dynak-iE: response due to the horizontal motions of the
shelter. Pendulum lengths in the order of approximately 10
feet or greater will usually reduce the horizontal accelera-
tioni. of the structure to as low as 0. Z g. or loe which is far
below the design criteria of Section 3-4. For the purpose o:
analysix, the vertical and horizontal motions can generally
be uncoupled (Reference S. I ; Section A-?. Zc0 except for a very
short pendulum length in which case a io-linear coupling
between the vertical and horizontal motions will occur. This
non-linear coupling results in an unstable system when tht
vertical frequeoncy is twice the horizontal frequency. How-
ever, this effect becomes small 'when the ratio is greater
than Z. 5 (Reference t). I and S. 4; Sections A-?. Ic tnd
A-?. Uf) f~r the motions considered. The short pendulum sys-
temn usually can be made stabla with "h use of horisonta
sprigs (Figure b-1e) o~r dampers.

c. Base -Mounted Assembly

The base-niounted spring assembly is a simsil. system
in comparison to tha of the pendulum. Hea. flanges are
att~ched rigidly to the top and bottom of the spring. The top
flange is connected to the platform while the bottom flange is
&ttachWd to the foundation slab. These connections must be
of a rigid type to produce a stable system. therefore. the
springs of the baso-mounted system will essentially function
as a cantilever under the actiot. of the horizontal motions of
tst structure.



The bas i-ounted spring system is similar to a short
penduluma syste'n innnfar as the occurrence of non-linear
coupling of the vertical and horizontal motions will exist.
In addition, the bat.e-mounted system will be subjected to
rocking motions due to the eccentricity of the platform load
in relation tc the center of gravity of the springs. The prim-
ary effect of this rocking is the increase of the vertical de-
flection of the springs above that resulting from the pure ver-
tical motion of the system.

Quite often the base-mounted shock isolation platform
will require a "soft" syste to attenuate the vertical accel-

erations of the structure to a safe level (as in the case of
personnael protectio). This flexibility quite often will result
in an unstable system under the action of the horizontal o-
tions of the shelter. Stability uually can be obtained with
the use of horizontal springs. Beam springs have been found
to be useful for this purpose.

5t3 Platforms

The platforms used in protentive shelters usually con-
sist of structural stol framing with deck plates, steel grat-
ings. or isoie other commonly used flooring material. The
iperior steol structure may consist of one, two, or many
stories depending upon the popucato.n the amount of equip-
ront and the shape of the shell. In most cases te use of
one- or two-story platforms will produce the moz.t economi-
cat arrngoment.

Generally th use of pndulum-type supports wit,
suspension systems having tw,, 4~r ore stories is more prsc-
uleam than base-mounted systems boic.use the attachments of
the peadulums t- platforms s can be ade near the centroid
os the skovi etur~i. If base mount* tro used, th laig.
rocking ffstruc ultil from the eccentrsity of the plat-
form load will substantially sedrelte the r equ rd spring cTp-
&citsy and will probably some.wha increase the overall dim-

ensiona of the structure osconsion systeom and shell)
Therefore, if pos'he o the use of base-ramosntd shock-iso.
ted platil e-m oulst be rvt-ited u sieatg-swtry levels

whero large eccentricltes will not ocur- The us* of base



mounted springs and platforms is an effective method of shack
isolating the individcual pieces of equipment. Here, the equip-

ment can be m-,ountec near the centroid of the spring supports
in a manner similar to that shown in Figure 3-Zc.

In those strv.ctures where both personnel and equipment
are shuck i olated foi orotection, the use of a single unit will
usual; be preferable to utilizing separate platforms. Here,
the use of the lower ehnck tolerances for the personnel %%ill be
required, thereby &ivitn the sysLem a a a whole a greater re-
liability.

In most cases when equipment. Fartitions and other
such items are rupported on platforms, th(y sl.ouid be attached
to prevent Any relative motion with rosp-ict to the platform.
Furniture. on the other hand. probably reed not be attached
directly to the platform but should be arrarged such that any
movement is minimled by friction.

5-4 Advantages and Dimadvantages of Support
Methods Used for Shock Isolation Platforms

Each of the 3upport rystoms (petidulum and bass
mounted) mentioned pseviotisly wlil preobnt certain advangose
And dlsadvanmages which may or may not have a bearing upon
tte final solction of the type of shock -isolated platform to be
ul,|ised In a particular ensign. The reitlva importance of
these edvantages and disadvantages will be dependent upon vari-
wAs parameters (priaes'v. lovol, *it. :ondition. poulaion.
structure configuration&. sic. ) which 4(fect the dtsign as a
-Ahole. i.e.. in asiiters with a large population, the plator.,
span wouid have a significant bearing upon the selection of the
stoport system while in small shelters oter factors would to
more Import*n Therefore. the weighing of the relative im-
portance of each of the advantages and disa mantages in a par-
ticutar situation must be made by the designer

The following discussion of *,e two supports syste is
nor for the purpose of comparison but only to point out the
merts of each system



5-4. 1 Pendulum Sstern

a. Advantages

I. Pendulums having lengths approximately 10
feet or greater vili no' usualiy require horizontal .jtabili~ing
systems (horizontal springs or sampers).

2. Horizontal accelerations associated with pen-
dulums having lengths approximately 10 feet or greater w ill
usually be less than the horizontOl acceleration tolerances
specified for personnel ptntectiun (Section I.,

.k. Pend, um systems can be utilaecd to produce
flexible supperts required to attenuate the high acceleration as-
sociated wIth the verti,:al rno'on of the structure. in order t'
provide protection for personnel.

4 The use of pendulum systems will fcilitat the
use of both single athd multistory platform* in suspension
systems.

. For short platform spens. -v ietvrmad ate
scipports are required Wth pendulum systems.

b, Pendulum-type sapports are readily adaptable
in those structurts where curved ioundation slabs (horiaontal
cylinders or dome type foundatloth) are present.

h Di sadvantates

1. For short pendulum lengths. von-lineat -. ap.
ling of thu vettical and horizontal motions may produce un-
staik' shock-lsolation systems.

2. Short penltd'um lenthi %qutre thi* use Of hor.
isoatal springs or dampers to preitet the occurrence of n.
sutble shock-lsolation systems

) Vertical acceleratins greater than on g. "ky

produce b.ackhlag of pendulum struts atndor unstable shock.
isotation system.
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4. In pendulum systems, the supports will ex-
tetid Luve he platforrns.

5. Large platform spans wil' require either in-
termnediate bupports. which extend above the platform, or
very heavy framtigs when pendulums are used.

6. Pendulums are required to be susperded from
the roof or the walls of tht ;tructure shell.

7. lecause the roof sLpport for a pendulum-type
shock-isol'tior, system must first be in places the ancembling
and the mounting of the platform may be required after the
completion of the structure shell.

8. Thc volume of the shel must be increased to
provide sufficient rattle space for the movement of the platform.

i-4 I Base-Mouted System

a, Advantages

I. In most cases, the base-mounted support eye-
tems can be used to attenuate the high accelerations aiSioc-
tiled with the structure motion# to a tolerable level for per.

sonrel and equipment protection.

2. Ras-mounted systems can be used In shock

isolation systems with dynamic load* greater than one 1.
(restrained personnel or equipment protection).

3. The use of base-mounted spring eyste, 4t wt.-
usually facilitate the shock i.4latio of individual pie©ocs of
equipment.

4. he use of the base-mounte 4 system will I&-
calitaw the us, n single-story platforms.

S. Spring supports for bapt -mounted shock- iso-
lation systems will not eitend above the level of the platform.

6. For shart platform spAns. no inteerediate

Supports are rerV4trd.
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7. Short continuous platfcrm spans will not re-
cuire intermediate supports which extend above the surface of
the platiorm.

8. Light framing may be used with continious-span
platforms beca,se intermediate spring supports are readily
adaptable to the base-mounted system.

9. Base-mounted support systems are appropriate
for %-.e in rheiters which have monolithic foundations,

10. Platform supports need not be attached to the
roof or walls of tho shelter.

11. The shell need not be completed before the as-
sembly and the mounting of the platform is performed.

b. Dieedvan ee

1. Rocking motions asocialted with batde-mounted
euppo;t systems will require additional length and mreutth of
the springs.

4. Fleaible spring supports for the vertical mu-
tion of the structure may pa suit W an unstable system for ihe
borisontal motion of the etr ucture.

3. Horiaental Springs tr dfmpera Way be requiret
in some cases to prevent the ocrrence of an unstable system,

4, base-motiated support system* are to be
avoided whiv, floating floor slabs exist within a shihltet.

S. The volume of the shell must be increased to
provide sufficient aleus space for atnoven Mt of the platform.
In addition, headroom within the shelt. a et be made avail-
able so as to provide space f(or the springs below ie platform.

S-S Comlrisoo of upport Metbos Used for Shock
Isotsteos of Platform-"

A direct comparison of the two support systems is only
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significant 'ien it is related to a specific design condition
where the actual weighing of the individual qualities or disad-
vantages of a system can be expressed quantitatively. For the

purpose of this report, a qualitative comparison of the prop-
ertie6 of the two systems has been made. This comparison is
presented in Table 5-1 in a "check list" type of presentation:
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Table 5-1 Qualitative Czmparison of Support System

Platform Supaort SystemComparable .....

Items Pendulum Base Mounted

Attenuation -f vert.
accelerations one g. or less as required

Attenuation of horia. usually 0. 2 g. or

accelerations less slightly higher

Rocking usually negligible more pronounced

Type of platform single & multistory single story

Platform supports extend above
platform below platform

Short single-plat-
form spans desirable desirable

Laree single-plat-
form spans loes desirable loes desirable

Short continuous-
platform spans les desirable desirable

Large continuous-
platform spans les desirable less desirable

Attarhment points roof or walls base slab

Foundation-&sIb
shape curved or strail8 ,  straight

Foundation-lab type floating & monolithic monolithic

Use of horia springs
or dampers seldom more often

Volume of shell increased further Increased
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CHAPTER VI

PROTECTIVE CUSHIONING MATERIALS,
PROTFCTIVE CLOTHING, AND

RESTRAINING AND BRACING DEVICES

6-1 Introduction

The peraonnel protective measures discussed in this
chapter include the use of (1) protective cushioning materials
(energy-absorbing padding placed on interior surfaces of the
shelter); (2) protective clothing (helmets, padding, torso gir-
dles, and protective shoes); (3) restraining devices (lap belts,
shoulder belts, ankle and wrist restrainers, and secured seats);
and (4) bro.ing devices (handholds and protective railings),
These devices can oil provide a degree of protection against
injuries caused by impact loads. The method chosen would be
based on the degree of protection desired, the functional re-
quirements, and the cost. It may be desirable to use several
of these methods in a particular shelter.

Protective cushioning materials offer the advantage of
providing protection without relying on the personnel in the
shelter to perform any precautionary task. Effective use of
protective clothing requires an element of control in assuring
that the clothing will fit and will be worn during the emergency
since protective clothing may be cumbersome and uncomnfort-
able if prolonged use is required. An important advantage in
using protective clothing is that the dual-purpose function of
the shelter area during non-emergency periods would not b?
affected. With advanced planning and proper supervision oi
the personnel, restraining devices can provide protection
against injuries resulting from impact. Bracing devices can
be used to prtvide supplementary protection in conjunction
with one or more of the other methods.

6-2 Protictive Cushionini Materials

6-2. I General

Protective cushioning materials can be used as energy-
absorbing padding to protect perutinl from injuries caused by
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impact. As specified in Section 3-3, cushioning materials
are to be provided on such potential impact surfaces as floors,
walls, low ceilings, and interior furnishings, including flat
surfaces as well as corners and edges.

Cushioning is required on flat impact surfaces where
impact may occur at velocities greater that, 10 ft. /iec. re-
sulting from falling over in which case it has been calculated
that impact velocities would probably not exceed 17 ft. /ec.
(Section 3-2). Protection against injuries to the head are of
particular concern. Cushioning is also required to protect

against injuries resulting from falling over and striking a cor-
ner or edge. On exterior walls, protection must be provided
against injuries which may be caused by compression waves
transmitted by the blast loading.

Cushioning materials must possess high -energy -absorb -
Ing properties. Other desirable properties include-

I. Ease of application to any surface.
2. Ease of cutting and shaping.
3. Low flammability and free from release of toxic

gases when burned.
4. Low water absorption.
5. Ease of cleaning.
6. Vermin-proof.
7. Resistance to chemicals and substances found in

shelters, including gasoline, oU!. sosp, etc.

8. Good aging properties.
9. Stable properties over the range of temperature an-

ticipated in the shelte.

For use on floors, the materials must have good wear
iesistance or should be capable of being coated with a wear-
resistant surfac~e that will not impair the ,nergy-absorbing
properties. None of the materials available are capable of re-
sisting the damaging effects resulting tron the concentrated
loads imposed by high-heeled ihoes. To minimize damage to e

the padding, it is Important to exereise control over the type
of shoes that will be worn in the shelter.

An important property of shock-absorbing materials i.
low rebound. For materials with high rebound, much of the
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energy is transmitted back to the body rather than being ab-
sorbed.

* 6-2.2 Design

Although danger exists from impact to other parts of
the body, the most savere injuries are produced by blows to
the head. These injuries are illustrated by the da.ta on auto-
mobile and aircraft accidents pr-esented in Reference b. 1 (Spc-
tion A-7. 2n) in which it was pointed out that 75 percent of fa
talities are due to injuries to the head. Based on such ob er-
vatlons, it is generally accepted that protection of the head
against injuries which may result from impact is critical in
the design of protectie cushioning. Thus, by providin- pro-
tection for the head, adequate protection also results ft.. otht,
parts of the body.

The critical factors in designing for Impact pr.tection
for the head are (Reference 6. 1):

1. The maximum g. loading

2. The maximum rate of change of g.

3. The peak intensity of pressure in linet with the hl'uw.

4. The Initial impulse of the head striking an object.
This impulse is determined by:

Initial Impulse a Mh (V2 - V) , where

Mh Mass of the head.

V2 a Velocity before contact.

V 1  Velocity after contact.

To determine the magnitude of these factors, it is nec-
essary to perform tosts on each cushioning material to iii-
sure its adequacy for the specified environment, A test pro-
cedure is recommended In Reference 6. 1. In this test, a sim-
ulated head form having a weight of 30 lb. and a radius of
3-1/2 inches is recommended. The 30-lb. weight, which is
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about three times as heavy as a human head, accounts for ad-
ditional body energy which may be contributed by the torso
through the neck. The head form is impacted at various veloc-
ities on test specimens of the material and the measurements
are made of the above factors. Control values of these factors
for developing padding for bead impact protection are:

1. Maximum g. loading - 60 g.

Z. Maximum rate of change of g. - 20,000 g. /sec.

3. Maximum pres sre in line with blow - 600 p. a. i.

4. Initial impulse (threshold of fracture) - 5. 3 lb. /oec.

The maximum acceleration, the maximum rate of
change of acceleration, and the initil impulse given above az e
based on tolerable values for the head whereas the maximum
pressure indicates that the cushioning material has become
solid,

Because the properties of the materials are quite dif-
ferent when used on a corner than on a flat surface, it is nec-
essary to evaluate corners by separate testa. However, if
the backup material has a radius u: curvature greater than 2
inches, the impact effect is similar to that of a flat panel.

Using the above control values, safe Impact velocities
can be determined by recording the Irnpact velocity at which
the values are satisfied.

6-2. i Mt~rials

Several materials are available that possess suitable
characteristics for shock absorption. Armong the most im-
portant are the foam plastics, including the resilient forms of
polystyrene foam, polyurethane foam, and foamed polyvinyl
chloride. These materials are also available in rigid forms
which possess outstanding shock-absorbing characteristics.
However, the rigid fams are suitable for protection from one
blow only and, in shelter use, would not provide adequate
protection.
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As mentioned earlier, good shock-absorbing materials
must have low rebound. For this reason, elastic materials.
such as foam rubber and felt, are not suitable.

Tests were performed (Reference 6 1) in accozdance
with the procedure and controls described in Section 6-Z, 2 in
order to determine the effectiveness of various energy-absorbing
materials in providing protection for the head against impact
injuries. These materials are suitable for protection against

more than one blow. Based on these tests, safe impact vel-
ocities were determitied as listed in Table 6-1.

Table 6-1 Safe Impact Velocities of the Head
Lsina Protective Cushionin& Materials

Cushioning Material on Limit of Safe
Hard Flat Surface Impact Velocity
I in. -thick Polystyrene Foam:
1-3/4 lb. /cu. ft. 15 ft. /sec.

2 in. -ihick Polystyrene Foam:

1-3/4 lb. /cu. ft. 1 ft. /sec.

I In. -thick *Eusolite (Polyvinyl
chloride) 22266: 7 lb. /c.o ft. 17 ft. /sec.

2 in. -thick Foam Rubber: 6 lb. /cu. t. I1 ft /see.

2 in. -thick Polyurethane Foam:
Formulation "A" 16 ft. /sec.

(C Trade name of Unitd States Rubber Company, Mlihaw.lh.,
Indiana. )

* It is seen from me results of the tests that one inch of
Ensolite 22266 provides the best protection per inch of thick-
ness. The safe impact velocity of 17 ft. /sec. atisfies the
maximum impact velocity resulting from a person falling
over. Most other materials would require a thickness of 2
inches or greater. This illustrates the outstanding properties
of Ensolite 22266. One Inch of this material has been used
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successfully as a floor mat in boxing rings.

Vinyl coatings may be applied to the cushioning mater-
ial to increase its wear resistance for use on shelter floors

Because of the extremely low density and the flexibility
of the cushioning materials compared to concrete, such ma-
terials would be very effective in protecting personnel from
injuries caused by the compression wave transmitted through
the exterior concrete walls. Only a small fraction of the
peak intensity of the compression wave would be transmitted
from the concrete to a one-inch thick pad of cushioning ma-
terial.

Protective cushioning materials have more effective
energy-absorbing characteristics when applied to a flexible
backing instead of to a rigid backing. Backing construction
suca as thn-gauge steel, aluminum, or plastic are all effec-
tive. However. to evaluate the properties of the combined
padding and backing, tests must be made on the combination.

6-3 Pzotectave Clothing

6-3. 1 Helmets

Efficient helmet designs incorporate a system that dis-
tributes the load over a large area of the skull and also includes
energy-absorbing materials. Load distribution is accomplished
by using a hard shell suspended by padding or support webbing
at a distance of 5/8 to 3/4 in. from the head (Refc.rence 6 21.
In a proper design, high local-impact forces are distribte*4
over the entire side of the skull to which the blow is applied.

Tests referred to in Reference 6. 2 (Section A-?. Za)
indicate that helmets with web suspension u.istribute the hInw
more uniformly than those with contact padding. However,
helmets with contact padding permit loes slippage. A com-
bination of contact padding and web suspension, the, ,fore, Is
desirable.

The 6hell of the helmet must be as stiff as is compat-

ible with weight considerations. When the shell Is struck by
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a blow, its deflection must not be large enough to permit it
to coma in contact with the head. For use in shelters wher.
comfort is an important consideration, the weight should be

* kept to a minimum. Among the shell materials that can pro-
vide the required stiffness along with light weight are steel-
wire-reinforced bakelite, laminated bakelite, high-strength
aluminum alloy, vulcanized fiber, and various reinforced-
plastic laminates.

Padding materials, such as polystyrene and polyvinyl
chloride foams, Incorporate energy-absorptive features.
Many padding materials, e. g., foam rubber and fet, are too
elastic to absorb a blow. T,'erefore, it is important t0 con-
sider padding matorials carafully and to choobe those materials
that incorporate energy-absorbing proper .es.

The helmet design should consider the need for prutect-
ing the back of thc head near the neck and the front of the head.
Protection for the front of the head may be cumbersome and
tincomfortable and it may be desi-able to eliminate this pro-
tection for reasons of comfort. An uncomfortable helmet
which will not be worn is of no use at all.

In choosing helmets from standard stocks, the above
(sarfres should be carefully evaluated,

6-3. 2 Miscellaneove Paddin

In addition to the head. other areas of the body can be
padded to protec~t against Injuries which may reiult from im-
pact. Such items as hip pads and pads to protect the baioc and
spinal column are desirable. However, these items may be-
come uncomlortable it prolonged wear is required.

For maximum protection, items f this type should be
designed with a hard %urer shell placed over energy-absorbing
padding.

6-1. 3 Torso Girdes

With impact or with high accelerations, the large gut
mass may be displaced, resulting in rupture of the lungs or
liver and fracture of the vertebral column. By enclosing the
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abdomen in a rigid girdle as discussed in Refezence 6. 3 (Sec-
tion A-7. 2m), this danger can oe considerably reduced.

The need for this type of protection in the shelters con-
sidered for civil defense use is somewhat questionable. The
structure motions that are encountered evo:n at the 300-p. s. i.
ov rpressure level are usually not severe enough to warrant
the unt i L: so girdles. The najor source of possible iNjury
ii. l:f.o, personnei being thrown about in the shelter, resulting
; impact -th the structure and items of equipment.

Becuse of the limited protection that may be obtained
from the usc of toiso girdles, their use in civil defense shel-
ters is not recommended.

', 1 ,otectlv. Shoes

Protective shoes are generally not required for protec-
tion wiLhn a shelter. The principal structure motions are
downward, resulting in separation of the personnel irom the
structure floor. The high acceleratons thai accumpany the
otructure motions, therefore, are never imposed on the body
through the feet. However, as a result of the separation
which ny occur between the structure iloor and personnel,
the body will be subject to impact truugh the feet as a person
falls and catches tip with the decelerating floot. Maximum,
coti;puted impact velocities for overpreesure £,avls up to 100
it, . i. are less than 10 ft /sec. and are. therefure, withit,
the tolerance lot human impact (Chapter II).

6-4 Pestraining Devices

Restraining of personnel within chairs or cots groaUy
alleviates the danger of injury due to impact with the shelter
structure or item' within the structure. . . rsonnel coul b#
restrained so that there is little possibility of impact with sur-
faces or tharp corners. In a pioctical design, it is not pos-
sible to restrain all the personnel. Slowever, by keeping
traffic to a minimum and by making maximum use of re-
straints. the danger of injury is minimised.

Seats to whila personnel are restrained must be
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rigidly attached to Lhe floor and must be designed to take the
full acceleration loa(.ing applied by the personnel and the
deadweight of the chair.

Restrainiug devices for fixing a perscn to a chair or
cot may include lap telts, shoalder straps. chest straps,
thigh straps, ankle and wrist restrainers, and hsndholds. In
sheltcr structures where comfort is on impoerant considerotion
and where it is practical to e0rminate any possible impact sur-
faces forward of the head, only lap belts and handholds may
be practical although additional protection is ootainable
where the other devices are used.

A p irson restrained by a lap belt may flail about
under the suddenly applied structure motions. His havide.
feet. and upper torso . uy swing forward and. in some caces.
has chest may hit his knees. Wrist and ankle restrainers r-r
handholde attached to his chair can be used to reduce these
motions. In addition, lap straps ehauld be kept as tight as
comfort will permit.

With restrained perunnel. lhar is the daisea of In-
jury due to the rapidly applied structure motions being trans-
mitted to the body. The mi mum tolerable Impact velocity
is 10 ft. /sec. (Chapter IM. However. for the design studies
(Chapter VU). the maxmum structure velocity will not ex-
ceed 10 ft. Isec If the velocity of a structure exceeds 10
ft, isec. the use of energy-abeorbing padding nest be con-
sidered.

As described to Refeence 6. 4 (Section A-?. 1), n

belts reeotimendud for use it autamobiles are 3-inch-Add
nylon with a loop strength of 1, 000 to 4.000 lb. This belt
C~eo appears to be adequate for use in shelter structures.

To minimiam the h iads applied to the *eat and t.1 ro-
duce the danger of failure in the restraining device, lap belts
should be attached to the foor rather than te the seat.

Impact to the head can be avoided it te backs of the
seats do not extend above the shoulders.
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6-5 Bracing Devices

As an aid in preventing people from falling over. hand-
holds may be used along the structure walls and corridors.
To prevent personnel from impacting with the walls, protec-
tive railings may be used.

Handholds should not be rigid hard materials that pre-
sent a potential hazard to Waling personnel unless these ma-
terials are padded, More suitable handholds can be fabricated
of rope or similar material.

Protective railings also should be of flexible rather
than rigid constiuction ea.upt in shelters where the entire
struct~re to suspended an shock-isolating springs. in which
case the structure motion@ are minimized reducing the likeli-
hood of personnel falling. Flexibku railings can be fabricated
of rope (similar in design to boxing rings). noe, flexible
wire mesh. canvas. etc. In some cases. railings of pipe
may be desirable; however. if these are used. padding should
be provided.

To prevent seated personnel from being thrown later-
ally. sides should ha provided an the seats. In the case of
bench-type seats, dividers should be provided for every 3 or
4 persons so as to protect the entire group from impacting
against #2ach other.

To prevent personnel front falling out of bunks, a pair
of vertical straps extending from the lower bunk to the bunk
aboy, should bq provided. Netting on the aid* of the bunk
ither devices may also ha used.
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CHAPTER VII

DESI'N STUDIES

7-1 Scope

This chapter presents design procedures and a descrip-
tion and discussion of the design studies performed in con-
junction with this project. These studies were developed to a
point which will establish design layouts, illustrate typical
methods used for providing protection from structure motions
due to ground shock, and furnish estimates of the cost of those
portions of the structures which affect, or are affected by, the
method of shock isolation used.

The designs were performed for pressure levels of
25, 100, and 300 p. s. i. ; for populations of 10, I00, and 1!O
persons using various type structures; and for foundations at
the various pressure levels. In this study. builaings with one
or more stories were considered, and in all cases th y
assumed to be shallow buried. All three personnel pi,,ti. '
levels (Chapter III) were considered in the designs. FI;r tcr .p-
ment design criteria, both categories one and twu (Chapter IV)
were used.

7.2 Design Procedure

In order to select the most suitable structuial configu-
rations for the shelteru and to arrive at a reasonable estC. tte
of their cosL, the following procedures have been used in knis
report,

1. Determine the nuclear enviro'unment (blast data,
weapon size, etc. ), design population, and type of structural
configurations to be considered in the study.

2. Establish site conditions and perform sit. evalua-
tion for ground shock.

3. Determine both free-field and design shock spec-
tra, in addition to evaluating the relative displacements
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between the structures and their interior components.

4. The next steps are the determination of the shock
tolerances for both the personnel and equipment, and the es-
tablishment of the type of shock isolation method to be used.

5. Determine the size, shape, and method of opera-
tion of the isolation system for the specified population and
shock environment. Also, design the structural system.

6. Determine the specific configuration- of the shell of
the strulcture based on the results of step 5 and on the nuclear
environment of step 1.

Steps 5 and 6 may require reevaluation to produce a
more compatible design of both the isolatin system and shell.

7. Determine the cost of those portions of the structure
which either affect, or are affected by, the shock isolation
method.

7-3 Blast Load Data

The inclusion of nuclear and thermal radiation protec-
tion in a design will generally be confined to providing small
modifications in the basic shelter designed for air-blast and
shock protection. These modifications generally will be lim-
ited to those portions of the structure where modifications will
not significantly affect the type of the shock isolation or the
additional cost for providing it, i. e. , entranceways, air 4n-
take and exhaust, earth cover, etc. Therefore, in this r,.udy
radiation has been neglected.

On the other hand, blast overpressures and ground shock
will be quite significant in selecting the shditer configuration,
especially in the larger pressure levels (50 to 75 p. e. i. and
higher) where flat roof construction becomes less economical.
The overpressure will usually govern the selection of the type
of structure and foundation whereas the ground shock will in-
fluence the interior arrangement of the shelter. In most cases,
it is necessary to effect a compromise in the selection of the
best structural arrangement for overpressure and ground shock
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so as to produce the most efficient overall system.

The structures studied in this section are designed to
resist the effects (exclusive of radiation) of a nuclear weapon,
with a yield of 20 MT, detonated near the earth's surface;

these structures are assumed to be located at a distance from
ground zero that would produce surface overpressures of 25,
100, or 300 p. s. i. and will remain operable after being sub-
jected to such effects. Basic data for the proposed blast
wave characteristics for the prescribed weapon yield and pres-
sure levels are summarized in Table 7-I. The idealized
pressure-tirae variations for all three pressure levels are
shown in Figuie 7-1.

Tablc 7-i Blast Characteristics
Surface Burst (20 MT)
(Ref. 7. 1)

.,"Overpressure (Ps), p, s. i. 25 100 300
Di, nce from Ground Zero (r), yds. 5,700 3, 100 2,060
Arr!ial Time (ti), sec. 5.0 1.4 0,5
Duration of Positive Phase (D ), sec. 3.4 2. 3 2.6
Peak Dynamic Pressure (Pdo [ , p. S, i. 12 115 470
Positive Impulse (Ip), p. a. i -sec. 24 48 85
Shock Front Velocity (U), f.p.s. 1,710 2,800 4,800
Fireball Radius (R), ft. -- 4,000

7-4 Soil Conditions

For the designs, it was assumed that the soil pr.. 1 e
comprised a 10-ft. -thick surface layer, a 90-ft. -thick inter-
mediate layer, and an underlying layer extending to a great
depth. The assumed stismic velocity for each layer is as
follows. Table 7-2 Assumed Seismic '"rofile

Depth Below Ground Seismic Vel-
Soil Layer Surface (fee j _ ocity (ft. /sec.)

Surface Layer 0-10 1,200
Intermediate Layer 10-100 2,500
Underlying Strata Below 100 6,000 avg,
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The seismic velocity for each layer is in the order of
magnitude generally encountered at typical soil sites. Al-
though this seismic profile represents a typical soil site, the
profile could vary (with respect to both seismic velocity and
layer thickness) for other sites. Somewhat lower or higher
values of the seismic velocity at each layer as well as an in-
creased or decreased thickness of the surface and/or the inter-
mediate layer and even a site of additional distinct layers
could also be considered typical. Thus, the above profile
could more appropriately be designated as a sample of a typi-
cal site.

7-5 Shock Spectra

7-5. 1 Free-Field Ground-Shock Spectra

The free-field ground-shock spectra as computed in ac-
cordance with the procedures uf Section 2-3, for a 20-MT sur-
face burst for the surface and 10-, 20- and 30-ft. depths below
the ground surface are plotted in Figures 7-2 to 7-7 as follows:

Figure 7 .2 Vertical Spectra 25 p. s. i.
Figure 7-3 Horizontal Spectra 25 p. a. I.
Figure 7-4 Vertical Spectra 100 p. a. I.
Figure 7-5 Horizontal Spectra 100 p. a. I.
Figure 7-6 Vertical Spectra 300 p. o. I.
Figure 7-7 Horiznutal Spectra 300 p. s. I.

The peak ground motions are for the air-induced effect
since the direct-transmitted ground-shock effect results ir
smaller values for the type of site and pressure levels cor.-
sidered. For computing the elastic displacement component.
an effective average sesmic velocity (5,000 f. p. . ) was used
which ts assumed to be e.&u',alent to the actual layered ito.
The peak horizontal displau..ments, velocities, and accelera-
tione are equal to 1/3, 2/3, 1 times the vertical values, re-
spectively. The peak vertical -displacement spectra values are
equal to the peak vertical ground displacements. The peak
vertical-velocity spectra values are equal to I. S times the
peak vertical ground velocities. The peak vertical-accelera-
tion spectra values are equal to the peak vertical ground ac-
celerations. The boundary spectra values for both the vertical

7-5



41NIIf Wof

Fig.i~aFRKK-VIELD VERTICAL GROUND SHIOCK SPECTRA



rig. 7- FREE-FIELD HORIZONTAL GROUND SHOCK SPECTRA
AS pot



Fig. ?-4 FREE-F1ED) VERTICAL GROUND SHOCK SPECTRA
100 psi



*T i

*2

Fig, 7-S FRE~E 411 I 11RIZWNrAL GROUND SHOCK SPECTRA

100 psi

7 .9



Ck

'Vi~i

6-1



0*0

(3H ~ NMOI A113013A RfAOWw

rig. 7.? FREEFIELD HORIZONTAL GROUND SHOCK SPECTRA

300 psi

7-11



and horizontal displacements, velocities, and accelerations
are listed in Table 7-3 (p. 7-13).

The spectra of Figures 7-2 to 7-7 could be considered
to represent a band ef spectrum values for the pressure range 0

being considered, e. g., better sites of 300 p. a. I. or poorer
sites of 100 p. s. i. would lie somewhere between the 100- and
300-p. s. I. spectra. In fact, these spectra may also repre-
sent other pressure levels, e. g.. a typical site of somewhat
higher seismic velocities at 150 p. s. I. could result In. the
100-p. s. I. spectra. To illustrate the above discussion It
may be iiteresting at this point Lo indicate the variation that
may be expected ii the soil displacements depending upon the
wite conditionus and pressure levels.

Table 7-4 Site Vriations

Typ of Soil Seismic Velocity Displacement
(ft. /sec. )(in. )

25 psi 100 psi 300 Mai
Poor 21500 6 11 3
Typical 5.000 3 7 14
Rock 10,000 1.6 a. 7 4.2

e Effective Average Seismic Velocity

7-5.2 Deslin Shock Spectra

To determine the response of intermediate floor slabs
and bearing walls which are integral with the concrete shell,
and of internal shock systems attached to the shall. the fr-e-
field gro tnd motiont, at the-it. and 3041. deiais have beeL
asesmed to be equal to the motions of the shallow (one and
two stories) and taller buildings respectively. Although Chap-
ter U recommends that approaimately the mid-height of the
shallow structures be ued to determine the motions of
struture#. it was felt that the 10-fL depth would be a more
realistic estimate of the actual motiens because of occurrence
of the layer change at the 10-fIL depth in the assumed soil
profile of section 7-4. Above the layer change the free-field
velocities and accelerations would be somewhat higher han
those immediately below ad. therefore, the use of the mid-
height motions would not properly ace"At for the effects of
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the surface layer on the stru Atures, The free-field motion*
at the 30-ft. depth wert selected to represent the motions of
the taller building based on the recommendation of Chapter U.
For shallow-type structLures, Figures 7-8 and 7-9 are plots
of the vertical and horizontal design spectra, respectively.
The design spectra for the taller buildings are not shown be-
cause of this secondary importance of the structures in this
report. although their values may be obtained from the free-
field spectra if desired.

W14n determining the motions of personnel, equipment
and other items attached directiy (no shock isolation systemn)
to the strtirtuare shell, the fre*-fieI ground motions at the
forementioned depth* are used. A tabulation of the aeak values
of these motion* is given in TAUl*7-5.

For determning the sepaixatun bletwn items (not
attached directly or iidiroctly tr. tUv Iieriar of the structure)
and the structures, the variation of the downward motions of
the structures and the free-tall displacement of the unattached
items with time for tho ZS.. 100-, and 300-p. a. L. overpres-
sure levels a-re given in Figures 3. 3-4, and 3.3. respec-
tively. The variation of th horizontal motions of the struc-
bares with time isa platted in Fgure 3 -4. both the vertlial.
and horizontaltmotions-vereus-titno relat~onships have been
Computed mesl thet dtsign shock spectra previously men-
tion"d and teprocedures outlined in Uction 1-4.

?-4 5?5e Alowaftv
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8 ft. was used in the mechanical areas.

A specific space allocation will depend upon the as-
sumed position (sleeping, sitting, or standing) of the occu-
pants within the structure and also upon the anticipated length
of stay as well as the amount of movement allowed. The fol-
lowing are some recommended minimum space allowances
(Ref. 7. 2) which will provide a reasonable degree of comfort.

Sleeping (Tier Bunks)
Area - 13 sq. ft. /bunk
Vertical Distance between Tiers - 2'-0"plus

relative motion *
Main-Aisle Width - 4 ft.
Secondary-Aisle Width - 2 ft.

Sitting (Short-Duration Stay)
Area - 7. 0 sq. ft. /person
Vertical Clearance - 4. 5 ft. plus relative motion *

Main-Aisle Width - 4 ft.
Secondary-Aisle Width - 2 ft.

Sitting (Long-Duration Stay)
Area - 8 to 11 sq. ft. /person
Vertical Clearance - 4. 5 ft. plus relative motion *
Main-Aisle Width - 6 ft.
Secondary-Aisle Width - 3 to 4. 5 ft.

Standing (No Circulation)
Area - 2 sq. ft. /person
Vertical Clearance - 8 ft.

Standing (Circulation)
Area - 10 sq. ft./person
Vertical Clearance - 8 ft. *

Relative motion applies to move=,ent of suspension sys-
tem and/or relative displacement between unattached
items and the structure proper.

e* 6. 0 ft. is acceptable over a limited area,
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7-7 Design Loads, App~licalble Codes,

and Allowable Stresses

7-7. 1 Design Loads

This section lists the applicable loads used for the pre-
limiiary designs described in this report. Static and dynamic
loads are presented for the exterior shell as well as for the
interior portions of the structures. -Both the method of ap-
plication and the amplitude of each load are listed.

Exterior Shell
Amplitude

Earth Load (varies with type of sttucture)-
2 to 7 p. s. i.

Dead Load (vazies with type of struc.ture)
I to 2 p. a. i.

Blast Load (dynamic response of one) -25,

100 & 300 p.L
Application

Circular Structures - Radially
Rectangular Structures -Normal

Interior of Structure
Amplitude

Static Loads
Dead Load -As given
Mechanical Area - 100 p.a. f,
Personnel Area At Toilets - 40 p. a. f.

Dya~m~d Load - As given
Mechanical Area - 100 p. a. f.
Personnel Area & Toilets - 175 lbs. /pars.

Application
Static Loads - I I.
Dynamic Loads - Dynamic Response

7-.7. 2 Applicable Code

The structural design of th~a Iluouated structures con-
* forms to the current ACI Building Code, 'Including the appen-

dix on ultimate strength design.
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7-7. 3 Allowable Stresses

The following is a list of the allowable stresses used in
this design study:

S

Allowable Stresses for Static Loads
Concrete Compression (fd, Axial or Flexural -

3000 p. 4. i.
Pure Shear - 0. 15 e
Bond - 0.15 V
Diagonal Tension - ACI Code
Reinforcement (ASTM A432) - 60.000 p. 3. 1.
Soil Bearing St'eas - 4 t. a. f.

Allowable Stresses for Blast Loads
Concrete Compression (Q. Axial or Flexural -

Pure Shear - 0. 18 t'
Bond - 0. 18 f,
Diagonal Tension - ACI Code
Reinfotcement (ASTM A4313) - 78.000 p. s. i.
Soil Bearing Stress (Dynamic Response of 2) -

S t. s. f.

Allowable Stresses for Ground Shock
Structural Steel (ASTI'M A36) - 36. 000 p. s. i.
Spring Steel (Ref. 7. 3) - S0, 000 p. a. i.

7-8 Desoription of Deslin Concepts

Of the thirty-five scheMes included in this study. nl.&e
structures were designed for the 25-p. s. i. overpressure
range while sixteen and ten structures were designed for the
100. ad 300-p. s. L pressure levels, rensectively. The
schemes for the 15-p. a. i. overpressure range were limited
to reowopdar-type buildings whereas for the higher pressure
levels several different structural arrangemeats were inves-
tigated for feasibility of construction. The latter included
horlsontal and vertical cylinders as well as arches. Person-
nel protection levels i. A, and 3 (Chapter UQ were considered
for all three overpressure levels, and for the equipment toler-
asnes categories I and a (Chapter IV) were used. For personnel
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protection No. 1. suspension systems. consisting of one,
two, or more platforms were studied for the structures at the

100 and 300 p. a. i. pressure levels. In the case of the rec-
tangular structures, only single-story systems were used.
All three population sizes (10, 100. 250) were included in the

studies of the 25-p. a. i. structures while the buildings for the
higher pressure levels were designed for 100 and 250 persons
only. These combinations of the pressure levels, population
size, nrotection level, and suspension systems, along with an
outline description of the structures, are presented in Table
7-6. The designation of the structures listed in Table 7-6 is

described by the following example. The structure designation
1IC(T) 300-250-I. identifies the horizontal cylinder with a
two-story interior suspension system located at the 300-p. a. i.
overpressure range, having a capacity of 250 people and a
p-rsonnel protection level of one. In the following discussion,
the nmbner of levels refers to the total number of stories in-
,agral with. or suspended within, the shell of the structure.

In the following discussion, those structures which were
found to have the most favorable structural and/or economical
arrangement are described in more detail. These structures,
referred to as basic concepts. are as fo!lows:

Overpressure Confiuration

I5 p. 6.1. Rectangular
100 P. s. i. Horizontal Cylinder
300 p. s. i. Horisontal Cylinder

7-8. 1 basic Concepts for IS-p. e I. Pressure Rate

a. Structure RE(S) IS-SO-I

This scheme, as shown in Figure 7-10, As a single-
story reintorced-corcrete rectangular structure designed for
IS0 persous. The overall plan dimensions of the building are
S9 ft. -8 in. by S9 ft. -8 in. while its interior clear height is
0 ft. -3 in. The roof slab is a flat plate I ft. -9 in. thick,

supported along its periphery by a 10-inch-thick exterior wall
and at the center by a reinforced concrete column. The walls
are supported on a continuous foundation the thickness of
which is the same as that of the roof slab.
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The interior of the building consists of a single-story
shock-isolated steel structure or platform which is supported
by twenty helical comprcssion springs mounted on the con-
tinuous floor slab. The overall distance between the top of
the suspended platform and the floor slab is 1 ft. -3 in. This
will allow for a vertical downward motion (from its at-rest
position) of the platform of approximately 6 inches. The hor-
izontal clearance between the platform and the shell of the
structure is 6 inches. The clear distance between the top of
the platform and the ceiling of the building is 9 ft. -0 in. This
provides for a headroom of eight feet in addition to a one-foot-
high overhead space for conduits and ducts. The platform has
a usable area of approximately 3400 sq. ft. and is divided
into three main sections: (a) personnel area, (b) mechanical
area, and (c) toilets. Both the mechanical and toilet areas,
which are located on the same side of the structure. are sep-
arated from the personnel area by metal partitions- The
perconnel arc&, which comprises the major portion of the
platform. is protected along its periphery by a metal railing,
3 ft. -6 in. high. Access between the main structure (en-
tranceway, exhaust and intake shaft) and the platform is by
means of removabl'- metal plates. All partitions, railing.
etc., are of standard design.

b, Structures RE.; .250-. and RE-S-Z50-3

These schemes, shown in Figure 7-11. have the same
overall roof area and thickness as those of structua e RE-ZS-
2SO-l, and were designed for the same pupulation. The 10-
inch-thick exterior walls, which have a clear height of 9
ft. -0 ,n. . support the roof along its periphery while a rein
forced concrete column supports its center. The walls are
supported on indivioual footings except in the area of the
mechanical equipment where a combined foundation is used.
Outside Wei latter area the floor slab is of the floating type.
The column Is supported on its own foundation.

From an architectural statkdpoaat, eeah building Is
separated into three sections, t. a., the personnel area, the
mechanical area. and the toilets. The mechanical area
and toilets are located on the same side of the structure ad-
ascent to one another. Their combined flor area is equal to
approtimately 20 percent of that of the bilding. These areas
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are separated from the main shelter area by a reinforced

concrete wall.

Both the personnel area and the toilets are located on
the concrete floor slab of the structure, while the mechanical
equipment in mounted on a shock isolated platform. The plat-
form is supported on tei helical compression springs which
in turn are mounted on the monolithic section of the founda-
tion. The top of the platform is located I ft. -3 in. above
the base slab and 7 ft. -9 in. below the roof. The clearance
between the foundation and the base of the platform provides
room for a vertical movement ( of the platform) of approxi-
mately six inches. A six-inch rattle space is provided
around the mechanical equipment support system. Movement
between the mechanical area and the remainder of the building
is across a removable steel plate.

Structures RE-25-Z50-2 and REZ-4540-3 were de-
signed for personnel levels Z and 3, respectively. In struc-
ture RE-25-Z-. the floors, exterior walls, and corners
of interior concrete partitions in the personnel area and the
toilets are padded with one-inch-thick energy-absorbing ma-
terial, while in structu'* RE-ZS-250-3 only the exterior
walls and the corners of the interior walls are padded. In
both structures, the corners are chamfered in order to pro-
vide the required two-inch radius of the cushioning so as to
produce the required protection (See Chapter VI). No cush-
ioing ii provided in the r iechantcal area because of the pte-
sence of the suspension system.

e. Structure REMS}-Z5-100-t

This structure, shown in Figure 7-10, is designed
for a population of 100 persons and is structurally similar
to that described in Section 7-8. I with the exception that
its overall plan dimensions are redtaned to 41 ft. -S in. by
41 ft. -8 in. This reduction of the sise of the building de-
creases the usable floor area of the structure and of the steel
patfolrm to 1600 and IS0 sq. ft., respectively. Twelve
helical compression springs are required to support the
suspension system as compared to the twenty springs of
structure RE(S)-1S-2SO-I.
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d. Structures RE-25-100-2 and RE-25-100-3

These structures, as shown in Figure 7-11, are sim-
ilar to the structures of Section 7-8. lb except that the overall
plan dimensions are reduced to that of Structure RE-25-100-1.
In these structures, six compression springs are used to sup-
port the equipment platform in the mechanical area.

e. Structure RE()-25-I0-I

This scheme is a rectangular reinforced-concrete shel-
ter as shown in Figure 7-10. The structure was i esigned for
a population of 10 persons and, therefore, has overall dim-
ensions of 16 ft. -8 in. b' 12 ft. -8 in. As in the case of the
other rectangular structures for personnel protection one,
an interior shock-isolating steel structure is supported on the
four helical springs which in turn are supported on the con-
tinuous concrete foundation of the shell. The overall head-
room and the rattle spaces around and beneath the platform
were maintained identical to those of the other rectangular
structures with the larger populations. The architectural ar-
rangement of the platform is similar to that of the larger struc-
tures with the exception that the floor areas of the individual
rooms are proportionally reduced.

f. Structures RE-25-10-Z and RE-2S-10-3

The floor plan of these structres (Figure 7-11) is of
the same site as that of structure RE-Z5-10-1. and the verti-
cal dimensions are the same as those of the structures of Sec-
tions 7-e. lb end 7-8.1d. Structures RE-ZS-10-2 and RL-Z
10-3 are designed to pro%-tde personnel protection level two
and three. respectively. The cushioning in these buildings
It the same as that described in Section 7-8. lb.

7-5. 2 .Basic Concepts for 100- and 300-0.. Preasur* Rpamie

a. Structures IICT)-l00-S0-l and HC(T)-300-50-1

These schemes, as shown In Figure 7-12, are single-
level, horisontal cy lndrical concrete structures with & two-
story interior shock-isolation system in each.
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The interior diameter of the cylinder is 25 ft. -0 in.
and its length is 99 ft. -0 in. The ends of the cylinder are
sealed by two hemispherical domes which have an interior
radius of 12 ft. -6 in. The thickness of the walls of both the
cylinder and the spheres of the 100-p. s. i. shelter is 0 ft. -8 in.
while the shell thicknesses of the cylinder and spheres at their
springing lines in the 3 0 0 -p. s. i. buildingare I ft. -0 in. The
thickness of the crowns of the latter sphereb is I ft. -0 in.

The interior shock-isolation system is a steel struc-
ture which is attached to the shell of the concrete portion of
the building by eight helical compression springs forming a
pendulum-like arrangement. The clear distance between the
shell and the suspension system is governed by the required
minimum headroom near the edge of the upper plttornm and in
I ft, -9 in. in both structures. The upper story of the inter-
ior structure of each building has a usable floor area (for per-
sonnel and/or equipment) of approximately 2, ZOO sq. ft,.
while the usable floor area of the lower level is approximately
i, 00 sq. ft. The overall distance between the two floor
levels is 9 feet. Means of access between the rupper and
lower stories Is by stairs located near the center of the struc.
ture. The main shelter area foi peernil is situated on the
top level while a smaller personnel area is locbted at the bot-
tom of the stairs on the lower floor. This latter area sepa-
rates the mechanical area and the toilets located at each end
of the lower floor. The periphery of the open area of both
levels of the interior structure Is provided with a 3 ft -6 in. -
high metal partition for personnel protection, The partlUon
is also used around the stairs at the upper level, The lower
portion of the stelis and those areas (mechanicol. storaq,.
and toilets) separated from the personnel arest are encised
with light metal partitions. Access betwee the main struc-
tare and the support is by means of removable metal plates.
All partition., railings, etc 0 ate of standard design but are
reinforced to resist impact forces resul ,ig from the move-

• meet of objects (p~rsonnei, furniture. etc, ) within the strut-
btre.

, 3tructure S)- l0o-..SO-l and HC(S)-300.250.l

These schemes, as shown in I1gare ?-IS, are rein-
forced-concrete one-level boriaoutal cylinders with interitor
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radii of 9 ft. -0 in. The tructures are sealed at their ends
by hemispherical domes which have the same interior radius
as the cylinders. The length of the cylindrical portion of the
100-p. s. i. structure is 238 ft. -0 in. For the 300-p. a. i.

building its length is 256 ft. -0 in. Both the domes and cylin-
der of the 100-p. s. i. structure have a shell thickness of 0 ft. -
8 in. , while those of the 300-p. s. i. building are I ft. -0 in.
thick.

The interior of both buildings consists of a suaspest4,,
platform forming the floor slab for the mechanical area. per-
sonnel area. and toilets. The platform is 15 ft. -0 in. and
14 ft. -0 in. wide in the 100- and 300-p. sI. structures, re-
spoctively, and is suspended from the upper portion of the ex-
terior shell by a pendulum arrangement consisting W sixteen
helical compression springs. The minimum clear distances
between the shell and the platform in the 100- and 300-p. s. I.
structures are I ft. -0 in. and I ft.-9 in., respectively. The
mechanical area and toilets are located at opposite ends of the
platform with the personnel area situated in the middle. The
approximate usable floor area of the platform is 3,400 sq. ft.
Like the two-story suspension systems, the periphery of the
personnel area is bordered by a 3-t. -6 in. -high metal par-
ution railing while the mechanical area and toilets are enclosed

with S-ft. -high metal partitions and roof panels.

c. fucturps, C-100-150-5 HC-100-1$0-3 &M

These schemes (Figure ?-14) are single-level rein.
forud-cuecrete horsonfal cylinders with an Iaterii-r radiun
of 9 ft. -0 in. The ends of the cylindrical por!ttet of the
shelters are sealed with hemispherical sections, the interior
radii of which are the same as ta of the cylinder. The shell
thickness of both the cylinder and the spheres is 0 &t 4 in.
for the 100-p. s I. structure ad I ft. -0 in. .4r the 300-p s. I.
buildiq, .while the length of the cylinders is 05 t. -0 In. in
all he sheliers.

Froi4 &f architectural viewpoint. I%* buildings are
separated into three sections, i.e., the personnel area, the
mechmaical area, and "h toilets. The methAncal area and
toilets are located at opposite ends of the shelters and are
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separated by the area used for the personnel. Reinforced
concrete walls are used to separate the personnel area from
thp ot t'er two sections of the structure. Both the personnel
area ansi the toilets are located on the con'.rete jf.or alau
situated 3 ft. -6 1r. below the center of the cylinder. The
width of this slab is 14 it. -0 in. and is formed by filling
(monolithically) the lower portion of the cylinder with concrete
to the desired elevation. The mechanical equipment is shock
isolated on a structural steel platform. The platform is
supported by helical compression springs (four and eight
bpriua58 in the 100- and 300-p. s I. structures) which, in turn.
are supported on the floor of the cylinder. Also provided in
the 300-p. a. i. stractures are eight beam springs for lateral
stability of the platform. The cylinder floor in the mechani-
cal area (all structures) is 3 ft. -3 in. below that of the per-
sonnel area. All movement between the platform and the
other areas Is across removable metal plates,

Structures lIC-00-1S0-1 and HC-300-1S0-2. which are
designed for personnel protection level 1, have all their
walls (interior and exterior) and their floor slabs in the per-
sonnel area and toilets padded with one-inch-it t energy -
absorbing materWi while only the exterior wall* and the cor-
ners of tha interior walls are padded in those structures de-
signed for personnel protection level 3. i all the structures,
the corners ar* chamfered in order to provide the required
two-inch radius of the cusllionng to product the required
protecton. No cushioning ti provided in the inechanical
areas of the botildinge. An alternate method of providing pro-
tectiou for those persons who are situated next to the ierior
walls, is the use of cargo nets or some other suitable tir'.r.
iale. in this case, the purpose of the netting to primerti to

prevent the personnel from making direct contact with the
walls is adtion to cushioning their fis.

d. 3tructure CMT).0-100- Aia HCIT)-300-O0-1

These schemes, as shown in Figure 7-i, are similar
tO Lhe 6ti iUOAMre* Of SeIliM 7 -4. U. A e p tt Ith leUth u.'
the cylidrical poriu of the shell Ii A1 ft. -0 in. Is addi-
ion, ali hllt rearraSement of the architectural fealure. of
the strucltre# has bae effected. To utilise more efficiently
the available lot at" of the iaterior sutpeneto ystes. tie
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toilets were relocated to the end section of the upper story ad-
jacent to the air exhaust. and the lower story was used prim-
arily for the mechanical area. A small personnel area is
retained near the bottom of the stairs on the lower platform.

e. Structure HC(S)-l00-100-1 and MC(S)300-100-1

These buildings. shown in Figure 7-16, are similar to
those of Section ?-8. Zb except that the lengths of the 100- And
300-p. a. i. structurts are reduced to 115 ft. -0 in. and 133 ft. -
0 in. , respectively, to correspond with the reduced population.

The length of the platform of the suspension system
has been reduced to I I? it. -0 In. (100 P.sa.I. )and IZ5 ft.-
0 in,. (300 p. a. I. ) and has a usable area of approximately 1800
sq. It. Eight helical compression springs are used to sup-
port the platform in the 100-p. s, %. shelter while twelve springs
are .atiliaeW in the 30 0 -p. o. i. building.

f. 3truacturee 1C-10-l00-2. HC-100-100-3 and
14C-300-100-it, HC-100-100-3

These shelters (Figure 7-171 are similar to "o des-
cribed in Seztlon ? -6. c except that the leng~ths of thef struc -
tores have ben shortened , accuminodate the reduced popula-*
tion. The cylindrical portions of the structures are 9) ft. -
0 in, and the overall Interior length of each structure is
I It ft. -0 in. In these buildingii the shock isolation platform#
for the mechiaical equipment Pro supprted by four helical
sprinags in all the shelters. The se..~lagv in turn are euppntt-
ed bay th concrete floor. TWe arrangement of the cuslhiani.:
for Personnel 4s liven In Mlure 7-17.

7-4.) Other CoNcep Studies

a. ArebTypeStrctres

FPIgures 7. to tot 14-0 arti illustj 4twa ot reinforced
ttncroe Arches designed to withut4aed a Waal ovfrprows,.re of
100 p a. & Sructure#sAft-00-*50-1 aOd A"-l0-100-1 ate
designed to provide Pftiton Ievel on* for Porsnwae whilit
structures AR-10-I504, AR-10-04W-1, Aft-100-l004 Mad
AR-lO0-10O-) provide parsomol protcloa lovtls t** boid three.
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Those structures designed for protection level one
consist of a 180-degree arch with an interior radius of 14 ft. -

6 in. The concrete arch is supported on a monolithic founda-
tion slab 6 ft. -0 in. thick. Suspended from the interior sur-
face of the arch is a pendulum-like structural-steel isolation
system consisting of a structural-steel platform supported by
helical compression springs. The platform houses the three
areas which comprise the shelter, namely, the personnel
area, the mechanical area, and the toilets. The arch design
for protection levels two and three consists of a 180-degree
reinforced concrete structure with an interior radius of 12 ft. -
6 in. The personnel area and toilets are located on a concrete
foundation slab similar to that described above while the me-
chanical equipment is shock isolated on a separate structural
steel platfo.rm. This platfurm is supported by springs which
are suspended from the arch. The personnel area and toi-

lets are shock isolated by means of cushioning.

b. Vertical Cylinders

Layouts of the vertical cylinders are shown in Figure
7-21, The structures were designed for the 100- and 300-

p, s. i. pressure levels, populations oz 100 and 250 persons,
and a personnel protection level of one. The 250-person
shelters for che 100- and 300-p. a. I. pressure levels are six
and ten stories, respectively, while the 100-person structures
for the 100- and 300-p. a. 1. pressure ranges are three and
five stories In height. The distance between 4oor levels of
the vertical cylinders is nine feet. It should be noted that, In
the designs of the cylinders at the 300-p. s. I. pressure, hem-
ispherical end sections were used on the upper and lowc.- ends
of the cylinders while at the 1O0-p. s. I. level, circular tkabs
were used to seal the structure. In the latter case, a rein-
forced concrete column was used to support the central por-
tion of the sl,&bs.
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47-9 Cost Estimates

The following section summarizes the quantities and
*cost estimates for each of the shelters illustrated. The unit

prices are based upon national averagc costs (Reference 7. 4)
and are subject to sor.ae local modifications. but the quantities
should remain essentially constant.

The estimates were limited to those structural items
of the shelters which either atiect. or are affected by, the
shock isolation system. Cost estimates are given for the
earthwork (not including real estate). main structural shell
(excluding entrances. exits. air intake& and exhausts). inter-
ior structural partitions (concrete and steel), and the isolation
system. The structures were assumed to be located in a nor-
mal soil environment (not rock) with the water table below the
foundation.

Excavation citeria for the various structures varied
depending upon the structural configuration. The open-cut
exrcavation for the rectangular shelter and the arches was cal-
culated on the basis of a one-on-one slop. extending upward
from a perimeter *oe foot outside the base of the foundatiot
while the open-cut excavation for the horiaontal cylinders '*s
based ovi a one-on-one slope extending upward (rpm a part-
mvter one (out outside the shell at the mid-hevight of the cylin-
der. Below the mid-height. the oxcavation has the samv shape
as the structure. For the vertical cylinders. vertical shaft
excavation was used throughout with the exception of the
300-p. a. [. ohollor where formed excavation was utit td for
the lower hemispherical end

7.0. Description o( Tables and Chart*

The total coot of each of dt thirty-soven shelturs
studied in addition to the total toot fotr ..- shock -i solated
ttuctures (WStrCtLuA-0 who** ithell is capabe of sustainina

* die blast load and the effects of ground motion) tot the various
pressure levels iaad ppulation sisee are given in Tabiv T-7
(pp.,~.6) This tatala iniludtt's iodividual &ostv of the til i

structures and the shock is~ltuon syat#M as wel1 as tho cost
per square foot of the shelter and the cost per person. Rota .
tive costs for e&ch pressute level and population size art also



given for the various personnel protection levels. These costs
are relative to the cost of the non-shock-isolated structure
(NSI). All of the cost data of the above table includes a 25 per-
cent increase of the material cost to account for the contrac-
tor's profit, overhead, and contingencies. No allowance was
made for architect-engir-eer fees.

In Tables 7-8 to 7-18 (pp. 65-75), quantity and
cosl breakdowns for various structural components are given
for the shelters iiwestigated. Also included are the quantity
and cost breakdowns for the non -2hock-isolated structures pre-
viously mentioned.

A plot of the relative costs ver3us the personnel pro-
tection levels is given in Figure 7-22 (p. 7-76), fur basic
concepts of Section 7-9. The costs are plotted relative to the
cost of the 250-person, rectangular (25 p. s. i. overpressure),
non-shock-isolated structure. This figure indicates the most
economical one-and two-story buildings investigated.

Figure 7-23 (p, 7-77 ) indicates the variation of cost
(per person) of structures versus overpressure. The curves
are plotted for all three protection levels in addition to the
no-shock-isolation case. Chart "a" gives the cosit variation
for the 250-person shelters, while chart "b" indicates the
cost-versus-protection level relationship for the 100-person
structure.

7-9. 2 Discussion of Tables and Charts

Lxcept for the two-story structures (protection level
one), the relative costs of the shelters investigated vll in-
creaqe with decreasing protection level (Figure 7-22 and Table
7-7). This increase is primarily thu result of the additional
material requir-id for the lower protection level, i. e, . the
addition of the cushioning and mechanical t Iulpment suspan-
sion systems for protection levels two and three ind the ad-
dition of the suspension system and the increase of the shell
size for protection level one. In a!l cases, the relative cost
for the two-story structure(protectton level one) is lose than
those for protection levelstwo and three (Figure 7-22). The
relative cost increase, above that for the no-shock -isolation
system, of the two-story structures is equal to or less than

7-56



4 five and twelve percent for the structures at the 100- and
300-p. s. i. pressure levels, respectively.

The relative cost for a particulatr pressure level, struc-
tural configuration, and protection level is greater for the
100-person shelter than that foi the 250-person structure;
while in the case of the Z5 -p. s. i. -rectangular structure, the
relative cost fj 7 the 10-persort shelter is less than. those for
the 100- and Z5O..prs-j baodings. The increase of the rel-
ative cost of the 100-person shelte~r above that of the 250-per-
son shelte~r i, . the resuh of tiic inore predominant effect that
the cost of the shock isolait% Liysterrn hast on the t.,tal cost
in tine for raer shelter in L.'np~risn to that of the latter,
e. g.,thc cost of the shock slatnui, system of structure
RE(S)-25-l00-1 in 63 jercent ol rw cost of no -shock -isolation
structure (25 p, a. i. and 100 person) ;-~i b tructure
PRES).25-Z5O-1, the coat of the shock iiolation -ysterii is
only 49 percent of the cost of the' no -shock -isolation shelter,

It i3 intere sting to note that the costs of the isolation
systemns in the structures studied can be as high as 68 percent
of the cost nf the shell (Table 7-19) (p. 7- 78 ). The cost of
tho saispen iun systems for the two-stoty structures (protec-
tI-n level one) will vary between 53 and 68 percent of the
%:ust of the shell while the variation for the one-story buildings

- (protertion levul one) will be between 42 and 51 poorcent ex-
cept for the arch structures where the suspenioln system costs
ars' 24 and 14 percent of "ht of the shell for the 25O-and 100-
perootu shelt.rr, respectively. This reduction in the pucrcent
'-ust (f the arch surpet~sion system is a result of the relatively
high cost rat the strurture shell due to the presetncc of thc mon-
olithic f4undatcnl slab. In all cases, tho porutekt cost -I the
6,IAP~ot ara4t-6118 fur protection levels twu and three at less
than thirty.

In Fivt~ 7-43, tho solid lints it.iae the most. eCan-
omnical structures Aor the various protection lovels while the
dash line i; vlic&L,s t.-e most econtom~ical single-try strucl',irs.
Though nut indicated in the Lablits. the cart per person of a
two-6tory 4'utatigulnr structure wall be approximately -the sama
as that ou one-story sheltor at the ZI-p, a. 1. pressure. There -
for*. in %7- AbUVe figure, solid lines were drawc- between tht
point iftdkf.u,.j- the cost of tho s*rAglv-stoiy roctAngular
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structures at the 25-p. s. 1. overpressure range, and the
points which indicate the cost of two-story horizontal cylinders
at the 100-p. s. i. pressure level.



0O O~N0 a 0 0 m00 0 001-00
U cc 0 4D 00 rn en 0 m m m a SI~ 0 0

0t It N N 0 ~ .4 . ~ . fmE41

0 n1 - t--

>, %n~ N N N N
N

0
0 0 C 00 0t~ a00 0

U v t- N . 414%n0n

MV-N -4 N N N0
N Nn

o .)-0Q . r - o no~ A r kn t.
N'O N~N v cc~r N' m

(4 to40 4* * 4k

usu

7.69



0., o ci , m t- w m ,N t m nL

.0 00 o o N ' U, N o -,o o ,

LA mD co0 ' 0 1t-aNro 0 oV - o r -% ... N .
a, m aq v .-n m ,,. N M

0LM a 0 0 0 v N 000 0 0 00 0 a

o, mLAN . N, wNA , 'n .rN .

%nA t- N - t-m4 wA N m 0 -E~~

LA 'A ' 00 - V m

SL% go 0N0 0 Nvv

Ue'Ln N'D O- a- 'mA-P4r-- O 0 ON-

o op. -P -#4

N OrCONON- o--r-LAV 1N

0000 00 00 0 o 0O0 0 0 '0L

U)U) -'0 U

UON 00 v

7-0

S*Il

0 a a * 4 8 0
AllA a 8 A 83

7-60s



Lfn

>0 00 V C,

.'0

N C' kn. 'o-
00 1- -

bi

N C

10~~ O~

om
cr. mC N .0 v

Go N ~ cc %A m

o ~ s %I)- t

0 e

.,ise A a ut A



0 0 co a 0 v 0a v Ot vo

00 00 0 00 0

0 '24 ,

0 0
V*~ t- N fn- ..

m i -v -4r-I I I I N

o Go~ -4u

MNen k . . ~ ~ .

- '

o oft c~ m -6 n f s
u Nf~N.N

LAM.

*I -.U -. u,

SD0

.2

0-



* 0

0

0

D4

fo

us*
046

g

IL 
8

and 7.*



00 00 0000
tn oo N Oo m -4~ GO bSi l 5 0
N 4 00Ln -4'0U ~ 5 5 5 S 0 LAIC.

u ,

00 M 000
'o N CN L N~ c5 i SU

s > a
u

00 00 0000o 00000 0000Ln OD - N 00 M - o 0 ~ 0 0 n , o in "~I
;4 

0 
M~ 0 N N V40 Ln V 4 4. -4 U~C% L o

V'o,

0  (1

00 N ~ 00 NO 01 00

~ 'ON N LAN~ O S0S'
ul 1  1,4 :44 S 10Q 4 40

"0 -4

O(n Oil

1~M '-. 44O' %A ~ 1 1' NI

ai s 10I NO

64

7-6



0 0 00 0000 00
v U) r-~ c 0Lof ii eo 0 L A

0~ 00 40 m cc LAI0 '0~I~ 0

~ 4A.

-4J
0~ CD N N~ 0 00 li
C) n~ o- r-oc 000 PIl

> 0 -
v - -0 a ~LA ooL f nN

0~ 00o flC r')OrLA 0 N t-.OV'r- 4DC0d o 10 N N mN M fn en-

4) 0 0 00 N N 0o o r) I

- L L' ON

00 cc 00010 000000oC)
0 ) N - LA It T,0IO t-uAcc aco I

4)4 ~ Ln N N

- 0 t- en of it

Ln 0 00 00n c 00%
u C

7-66



00 0om L ' 0 000o
Ju* NI v 0CI N r- v' S S S I I

- Ie

0 in n in 0 Sf0~ SI Se l
I.. -n v f-- ma > a -4

V00 01 @
U)0 ~ f~ N0. ~ IS 'ussrv

14 *b c C o c

U Ot Nlt-M

0

hI~~ U 00 M k @00 0 0 0 l@1
' a f-j ; NI S ; d
40 c;

- I. 4 -

c;: 1 -c i4 ;'
* 2 ~W4~g4

Al HER 8



0 M00 0 000 O N
NJ L n ~ m 0 1 

4 
L 4 4 4 8 4S)~1

Z e N 0 a-Ii

>J 00o 00 COOP 00000 o 0101c,~
0 nmf N~# 90 10Mtn I i -4 0N t-NI woo,.
o N 1t- - n U -4r N 05n

0 * ~ N40 co

1N t- . -4' ..

s. 00 01N 0 00000 0 co0

2: u N0 I

N co o kA
0m 10N NM u~I~

Vol

4.'4

? I?



I 10
* , NO0,O 0 0 SI S S ' N

1 1 I I I S

fn *LA l 0 0 000

co cc CO 'fN * mas cccy, F5, t- 7: -, * C, I la 0 ;

A v eel C-

coo 00cc 0 0 0I~I~
kn NQt

A, *eN000. 0.0 00 ; -0 --

s,. .. 0
0,o SA I ,,.0.. s'

m .s N, , & 2 ,

. N. ', A

000 -69

o~Ay ~* A

---- ! ' I * '



I 0 0 IVol N Cli-
Ln o 10%n %nm

0- on LA a aA anaa

CO 0 00000 0000
cc Co ,%*a0 00*

~N NN =O
00L

00 %.@SA a a @ c

cc 0 4010 00
.' 1* v 0~ 11 .010 t%'03 -

ftl4 - f

DN

4 He'

7.70;



0 00 CO I 000 000 
*-ml

a' 
C, 0 0 it,

cc L 4nia q t' * Sn~

a'o- -. el m CZ t-ai

00 00 0000 00000 coo..00 O N Un - a'* Y 0 0 0 0 *0N G.iq

N 00 t-N ION fn- - n

~4~iQ CMI
0' 4AI 1 0 0

v N L t i 'ton fI
'I~~~~e 0 -4 In ~I

0 0

ON 'N 0 i' ?0
4 m kn %a~* . ~

Ell -.

tj %0 Ua

44.

I-Is

a a a

7-71



000 ooac-0 00000010ocfl

-4 -W -w 0va N~Ji iIi o

- e10 a 14, a '00

N41 c: 4
> 000 00 00000

M'0 VONO 0 Q~N A @00 N .. @ No I'Dr'>loto

jl-I o,0

JS.

7-'l



00 o0 001I

0 V'c 0,'

00Mn000 a
ii IS . ip V

N N 10f

&, c 00 00 001v0 00 0 00 0 171, N 61

o' > 0 N M 10 I - I .^ 14Mn040.5Op0el4z

.. 4 0 a0 00 O 0 0 10 00 CJ'00 101 0

m 4N . e'n

.. 0 a 0 0 o co~ o @ 0

84t 0 0 0 0 'D %nC,0

9 2 --

64.

6t i

h~ * 1:A Al



0 0 01- 0 0 00r,10 0%l

uS -.4 1 0~

z co0o~' 000

c! N -M C4 N Vt

4a r- (,Ln In 0 ON N "0 r0000 0
> 0 m fnr- 0 0.0 t~r-N N I-u~ NP2IeI m'o wi0 10 m 1-4 rIZ oi)

00 kn aC 000 tAO 0 C nN

v n 4 m t r- -w'

0 00 0 00 0 00 00000 0
ff 0 '.O 's mN%1 - 00 0 go

I. A~ tA *~

0104 a 0 aa.-.~ ~ co sur r-~ %A' Sol s m4-

10~

t tC t0 t a a0 0 0 0

7-7



- 0000 0o0o N 0000 I0- *
00 NN C v r- r-j~ V O -4

a InA - -4 en I rn N - cc m c -c k

cc, N oo6 o Nq D¢ 'S v, ccI

* "
II I II I I0 N I I a Ib- ~ 14"O' *~I'fe

eft -4

U0 a

AP iO 8~c

A A- ' NO' C 4



w

w w
C3 a. L z

Co
0

at

t t a. 0

B. 0

V 0%
LS03 9AAV

ri. --2wEAISCS s.PRONLPOETO
.'~IX Vr.

o W~b7b S



1 3AT1 NOI±0310Oid

In w

ww

00 a

o 0 $- 33~NIL3.Od I
44

w

a 0.0

J0,0

sio110p ' tOSUld v3d 1S03

Fig. 7413 COST PER PERSON vo. OVERPRESSURE

?7-77



a0

U qr-N- r-oooP P N N n n

0I.k

~~J2



7-10 Discussion of Design Concepts

7-10. 1 Structure Shell

The shell of the structures was designed for the blast

load applied to the exterior of the shelter whereas partitions.
intermediate floor slabs, and other interior items were de-
signed for the structure response to the ground motion.

The selection of the structural configurations for the
various pressure levels was based upon the capacity of the

structure to resist the blast loads, and the conventionality and
economy of construction.

Except foi a vorrugated arch-type structure, the rec-

tangular sh-Iter was found to be the most econc.Aical structural
arrangement for use at the 25-p. s. i, overpressure range,
hlere, individual tootings are used for protection levels two and
three while the more costly monolithic foundation slab is re-
quired for the first protection level, In the design, the indiv-
idual footings consist of a thickened concrete section under the
walls and column which ar, tied into a thinner slab section
spanning bvtween the footings (Figure 7-Z4). When move-

ment of the structure ocurs due to the ground shock, cracks
are formed in that portion of the slab immediately adjacent to
the footings. and dillerential movements are produced between
the slab and the fout~ngs For a shelter designed to provide
protection levels two and three, this relative motion, when
occurring adjacent to the walls (as in the case of small font-
ings), may be tolerable but would km undesirable near the mid-
spans of the floor. in the latter case, a footing -slab deail
similar to that shown to Figure 7-24b would be siure app-op-
rclate

The use of the monolithic foundation ftr protection level
one was predetermined by the use of base -mounted spring sup-
ports for the shoch isolation system. If a pendulum system
wer, used. the spring supports would have to be attached either
to the ceilinl near the exterior wxls or to points high on the
walls themselves. This would result in much longer span*

then may be axpected in the base-mounted system end. therv-

fore. result in a large increase in cost of the suspension sytetm
shove that used where the platform sprns between the springs

74')
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are somewhat smaller.

If a corrugated metal-plate arch were used for the shel-
ter configuration at the 25-p. s. i. overpressure range, a one-
foot thick monolithic base slab would be required to support
the corrugated plate. The reduced cost of the foundation slab
of the arch in comparison to that required for the rectangular
shelter, in addition to the reduced cost of the superstructure
of the former compared to that of the latter, will make the cor-
rugated arch the most economical arrangement even though its
use as a permanent-type structure (20 or 30 years) will bp
limited. This limited life of the corrugated arch and its non-
conventionality led to the selection of the rectangular otructure
for use in this study. nevertheless, it is realized that, in the
event of the implementation at a large sheltor orogram. the use
of the corrugatcd arch Would merit consideration during plan-
ning. The use of the concrete arch at the 25-p. a. i. overpres-
sure range was considered but found to be ur.economical.

At the 100-p. %. i. overpressure level the horizontal and
vertical cylinders were studied in addition to the concrete
arch. As previously maintained, the horizontal cylinder was
found to be the most economical of the three. and because of
the equal unconventionality of the threo arrangements. the her-
iaontal cylinder was selected as the most practical c€nfigura-
tion. In regard to the other two arrangements. the large iun-
datiun slab of the arch (monolithic) and the thick root and foun-
dation slabs of the vertical cylinder rendered these structures
uneconomical, In both atiuctures. the use of the monolithic
foundation Is predetermined by the soil strength utilliad (4 -
ton static). If the structures were designed fur another - i
cc-4itiun (say a skli strength .( .Uhl toot) individoiil btktantg*
could be used, thereby vastly roducing the structure coat. . c..
for the concr-tr arch. it is possiblo to use footings that are
eight teet w4i- and twrv ty inches thick a *-eh of the springkn#
lines, resulting in s decrease o4 apprulmwAtely thirty por.cent
o.f the cost u the structurv (AR(S)-IO-1O-); howover, thip,
still v thel. rho t iSa the huriaoutal cy*inder.

iuth tha hur,suntal and the vertical cyliodwro werv iv.
vestilat*4 at the 1O-p. s. i. overpressur Iivels. Each rndl
of both cylinders ts sealed -itth hemispherical dumeos. The
use of the domes oorvoe a two(,ld purpose; i.e.. (I) providr



usable volurue within the structure thereby reducing the required
length of the cylindrical portion of the structure, and (2) elirri-
inate the need for a thick flat plate to sustain the blast load.

Because all of the volume of the horizontal cylinders at
the 100-and 30 0 -p. s. i. ovirpressure range cannot be utilized
if the usable floor area is on one level, multi-story inner
structures were investigated to determine their efficiency in
comparison to the single-story structure. The use of a two-
story inner structure was found to provide the most econom-
ical arrangement for the populations (100 and 250 persons)

considered and a protection level equal to one. When a de-
sign was performed for a similar structure for protection levels
2 and S, it was found, for the spans required, that structural

members with frequencies in the order of 10 to 20 c. p. s.
would be required and, therefore, thcir requirA Pt-ongth
would have to be as much as 20 to 50 g. (Figure 7-8) depend-
ing upon the pressure level considered. The mtmoers co4ld
not be designed for these loads, If an attempt were made to
make a mtre flexible system isay in the order of I to 3 c. p. a,).
then it can be seen from rigure 7-8 that the displacement of
the floor system would be in the order of I to 11 inches de-
pending upon the frequency and the pressure range. These
displacements would be intolerable for the personnel under re-
peated vibration (concrete would damp out in approximately
10 cycles -Ahile steel members will vibrate many more times
than 100 cycles although odditiinal damping will occur in con-

nections of steel structures). From the above discussion it
therefore can be seen why single-story buildings were used for
protection levels two and three, in the horizontal cylinders

designed for protection levels two "nd three. thr lower por-
tion of the structuro is filled with concrete to the desired vir
vatipo A the fi. r. The contrute fil ts rein(orced to su-tain

the exterior loads; i. e,. the thickened concrete section will
respond to the biist load in a as niiar Iashion as a foundation
slab.

1.10.1 Shock IsulatinUtm

a. Shock -1s-la'st Platform

At provi.uOly me.tioned. the design of the *hiock-

isolated platforms ,itilises both pandulusti and base-mvunted

i l i i II I I7II II



support systems. The pendulum systems were used in those
structures which (1) could not readily support the interior steel
structure on their base slabs (cylinders); (2) required an in-
crease of the size oi the shell above that required for a pendu-
lum system (arches); and (3) requ~red two-story-interior steel
structures while the base-mounted systems are used for those
shelters where the pendulum system is not a practical ar-
rangement. e. g. . as in the rectangular structure, the large
spans would result in a substantial increase in the cost of the
platform. F both the pendulum and the base-mounted sye-
tems. helical compression springs are used because of their
economy and adaptability (Chapter V).

Investigation of the designs of the shock-isolated plat-
form indicated that optimum design value of the dynamic re-
sponse of one g. wil produce the most economical spring sys-
tem. Fvr dynamic response values less than one g. . an In-
crease in the cost of the springs will occur because of the
additional length of the springs seeded to produce the required
larger displacements at the lower response values. For dy-
namic response values greater than one g.. the slse (diameter)
of the spring wire must be substantially increased to carry the
heavier load4 resulting from the higher response, thereby
producing a cost increase above thAt of a one-&. design. On
the other hand. the cost of the platform o ill decrease as the
dynamic rosponse decreases, with a minimum value occurring
with a statlc-deslin load equal to 1. S g. (design load equal
to the weight of the suspension system plus the weight of its
content ana a safety factor cf 1. 6). In the case of the large
spring-supported platforms (for personnel). the cost of the
spring assembly *ill be in the same order as that of the ,* tt-
for-%; therefore, an optimum desigil load for the isolation
system as a whole uill lie between I. S g. (static design) and
I g. (dynamkc response of one g, ). In the designs presented
herein. the isolated platforms fur persons were designed (or
a dynamic respse of 0, ?S A Isees design criteria of
3ectuon I-)). Fr tho designs of the equipment-isolated plat-
farms. which atr u, hataitially smaitet than the persTinel
isolation Systems. the cost of the spring assembly is in the
order of I, S to I times the cost of the platform. The safore,
the must earcut.,mioril design of the spring assembly uill pre-
dominate in the design of the isolation system as a whole.
thereby resulting in a design load of one g. applied dynamically.
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Although the designs of the equipment platforms presented here-
in do not provide protection for personnel (dynamic response
equal to or less than 0. 75 g. ), an economical design which
includes personnel protection but which will be slightly more
expensive than the one shown, could be provided.

Based on the discussion of the cost of the suspension
systems above, it can be seen, in the design concept shown,
that the deeign of shock isolation systems for a dynamic re-
sponse greater than one g would be uneconomical. Therefore,
the utiliaation of the criteria for restrained personnel (Section
3-3; dynamic response equal to 2 g. ) and for the use nf the
actual equipment shock tolerance which may be considerably
higher than one g. , (Section 4-3) will be unwarranted.

The clearances required for the design of 'he shock-
isolated platforms were based upon the space allocations of
Section 7-6 and upon the vertical and horizontal displacemetit
responses determined from Figures 7-8 and 7-9. The maxi-
mum displacements required in the design of the shock isola-
tion system for the structures at te 100-anw )O0-p. s. i. over-
pressure lovels were equal to the displacement boundary values
of the respective spectra curves while for tht 15 p. a, i, shel-
ters the displacement values used in the designs were less than
the boundarV values In all cases. the rattle space main-
tained around the shock isolation systems is greater than the
resultant c( the horizontal atid vertical displacement obtained
from the spectra. The additional space provides rozm for
rotation of" the Isolation system due to the dynamic loads in
addition tU, any misalignment of the interior steel structure
and/or shA.il during construction.

Ta&l. 7-10 indIcates the properties of the springs used
in the various designs investigated. It is interesting to note
tha, the maximuit. uncoupled horizontal frenuency (or the
pendultim.type shock isolation system is 0. ,. c. p. a which
will conforn to a horizontal acceleration of approximately
0. A g. This Is less than one-halt the horisontal acceleration
tolerance tor personnel (Section 33 4 L On the Other haaid. the
maximumn uncoupled hurilauntal !retuency for the base-mounted
shock system of the AS p. s. 4, shelter it 3. I c. p. zs. which
conforms to a horisontal acceleration of one g. This latter
value eatc teds the Allowable tolerance for personnel. f s"
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Table 7-20

Fype Ur Dynamic Static Load Mean Wire No. of To
Shock Iso. Structure Response per Spring Diameter Diameter Active No.

System Designation (g.) (kips.) (in.) (in. ) Coils Co

HC(T)100-250-1 0.75 36.5 12 2-1/2 14.6 1
HC(S)100-250-1 0.75 11.3 12 1-3/4 11.3 1

AR(S)100-250-1 0.75 11. 1 12 2 11.2 1

AR(S)100-250-2&3 1.0 10. 1 12 2 10.8 1

VC(M)l00-250-1 0.75 23.2 12 2 9.4 1

HC(T)100-100-1 0.75 19.4 12 2 11.3 1
0 HC(S)I00-100-1 0.75 9.75 15 2 6.6

AR(S)100-100-1 0.75 9.75 15 2 6.6

AR(S)100-100-2&3 1. 0 6.4 1Z 1-3/4 10.0 1
VC(M)100-100-1 0.75 15.3 10 1-3/4 14.4 1

' HC(T)300-250-i 0.75 20.9 16 2-5/8 15.0 1

HC(S)300-250-1 0.75 13.3 12 1-3/4 19.1 2

VC(M)300-250-1 0.75 33.75 16 2-1/2 13.3 1
HC(T)300-100-1 0. 75 19.4 12 2 22.5 2
HC(S)300-100-1 0.75 5.6 11 1-1/2 18.1 2
VC(M)300-100-1 0.75 15.4 12 2 28.1 3

RE(S)25-250-1 0.75 13.9 12 1-3/4 2.5
RE(S)25-250-2&3 1.0 5.2 8-1/8 1-5/8 4.0
RE(S)25-100-1 0.75 11.5 12 1-3/4 3.0

0 REIS)25-100-2&3 1.0 5.5 7-1/2 1-5/8 5.0

0 RE(S)25-10-1 0. 75 2. 85 6 7/8 6. 1
U RE(S)25-10-2&3 1.0 0.2 2-3/4 1/4 5.0

HC(S)100-250-2&3 1. 0 15.6 i5 2 6.6
S HC(S)100-100-2&3 1.0 18.0 15

H,((S)300-250-2&3 1.0 6.8 24-1/2 2-3/8 6.0

HC(S)300-100-2&3 1.0 6.0 25-1/2 2-3/8 6.0

S ' HC(S)300-253-2&3 1.0
> HC(S)300-l00-2&3 1.0

0 ~

* For pendulum mounts the horizontal frequency is that asbociated with p

the horizontal frequency is that which would occur if rocking were prey



Table 7-20 Spring Properties

Uncoupled Uncoupled
Static Load Mean Wire No. of Total Solid Free Vertical Horizontal
per &pring Diameter Diameter Active No. of Height Height No. of Frequency Frequency Coupled Freq

(kips.) (in.) (in.) Coils Coils _in. .in. S prins (cp.) (C.)* c.

36.5 12 2-1/2 14.6 16.6 41.5 90.5 8 1.00 0.27
11. 3 12 1-3/4 11.3 13.3 23.2 42.5 16 1.00 0.56
11. 1 12 2 11.2 13.2 26.4 45.7 14 1.00 0.35
10.1 12 2 10.8 12.8 25.6 44.8 4 1.00 0.37
23.2 12 2 9.4 11.4 22.8 42.1 8 1.00 0.18
19.4 12 2 11.3 13.3 26.6 72.6 6 1.00 0.27
9.75 15 2 6.6 8.6 17.2 32.7 i 1.00 0.56
9.75 15 2 6.6 8.6 17.2 32.7 3~ 1.00 0.37
6.4 12 1-3/4 10.0 12.0 21.0 41.5 4 1.00 0.37

15.3 10 1-3/4 14.4 16.4 28.7 47.9 8 1.00 0.22
20.9 16 2-5i8 15.0 17.0 39.4 77.8 8 0.72 0.27
13.3 12 1-3/4 19.1 21.1 37.0 75.4 16 0.72 0.56
33.75 16 2-1/2 13.3 15.3 38.2 76.5 8 0.72 0.17
19.4 12 2 22.5 24.5 45.0 83.4 6 0.72 0.27
5.6 !1 1-1/2 18.1 20.1 30.2 6e.6 12 0.?? 0.56

15,4 12 2 28.1 30.1 60.2 98.6 8 0.72 0.22

13.9 12 1-3/4 2.5 4.5 7.9 13.2 20 2.23 2.54 2.18 7.1
5.2 8-1/8 1-5/8 4.0 5.7 8.5 12.0 10 3.00 3.1 2.5 7.1

11.5 12 1-3/4 3.0 5.0 8.8 14.0 12 2.20 2.51 2.02 5.8
5.5 7-1/2 1-5/8 5.0 6.7 10.1 13.3 6 2.80 2.5 2.1 6.2
2.85 6 7/8 6. 1 8.1 7.1 12.4 4 2.20 1.77 .98 2.9
0.2 2-3/4 1/4 5.0 6.7 1.6 4.0 4 2.86 3.0 --

15.6 15 2 6.6 8.6 17.1 36.0 6 1.18 0.47 .70 2.4
18.0 15 2 6.0 8.0 16.1 34.7 4 1.18 0.79 .66 2.4
6.8 24-1/2 2-3/8 6.0 7.7 17.1 51.0 8 0.83 - - -

6.0 25-1/2 2-3/8 6.o 7.7 17.4 51.0 6 0.83

8 0.96 0.63 2.3
8 1.03 0.69 2.3

horizontal frequency i tat asociated with pendulum motion. For ba .mount*
a that which would occur if rocking were prevented.
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ble 7-20 Spring Propt .- ies

Uncoupled Uncoupled
No. of Total Solid Free Vertical Horizontal Bar Cross Bar
Active No. oi Height Height No. of Frequency Frequency Coupled Frequency Section Length
Coils Coils (in.) (in. ) Springs (cps.) (cps. )* (cps.) in x in. (in.)

14.6 16.6 41.5 90.5 8 1.00 0.27
11.3 13.3 23.2 42.5 16 1.00 0.56
11.2 13.2 26.4 45.7 14 1.00 0.35

10.8 12.8 25.6 44.8 4 1.00 0.37
9.4 11.4 22.8 42.1 8 1.00 0.18

11.3 13.3 26.6 72.6 6 1.00 0.27
6.6 8.6 17.2 32.7 8 1.00 0.56
6.6 8.6 17. Z 32.7 8 1.00 0.37

10.0 12.0 21.0 41.5 4 1.00 0.37
14.4 16.4 28.7 47.9 8 1.00 0.22

15.0 17.0 39.4 77.8 8 0.72 0.27
19.1 21. 1 37.0 75.4 16 0.72 0.56

13.3 15.3 38.2 76. 5 8 0.72 0. 17
22.5 24.5 45.0 83.4 6 0.72 0.27
18.1 20.1 30.2 68.6 12 0.72 0.56

28.1 30.1 60.2 98.6 8 0.72 0.22

2.5 4.5 7.9 13.2 20 2.23 2.54 2.18 7.1
4.0 5.7 8. r  12.0 10 3.00 3. 1 2.5 7.1
3.0 5.0 8.8 14.0 12 2.20 2.51 2.02 5.84

5.0 6.7 10.1 13.3 6 2.80 2.5 2.1 6.2
6. 1 8.1 7. 1 12.4 4 2.20 1.77 .98 2.93
5.0 6.7 1.6 4.0 4 2.86 3.0 ..

6.6 8.6 17.1 36.0 6 1.18 0.47 .70 2,41

6.0 8.0 16. 1 34.7 4 1. 18 0.79 .66 2.40

6.0 7.7 17.1 51.0 8 ().83 -- -- --

6.0 7.7 17.4 51.0 6 0.83 --

8 0.96 0.63 2.,% 6xl 80
8 1.03 0 0. u' 2.30 5xl 80

ciatod with pendulum motion. For' barse mounts
ig were prover.ted, Table 7-20

7-85 and 7 -86
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desired, the latter system could be designed to protect person-
nel merely by the addition of horizontal springs and more flex-
ible vertical spring systems.

b. Cushioning and Other Protective Devices

In the design of the structures for personnel pro-
tection levels two and three, protective cushioning material is
utilized on the floors, the interior concrete walls and/or ex-
terior walls, the corners of concretc partitions and those por-
tions of the interior furnishings which may form a hazard.

For protection level two, the one-inch thickness of the
cushioning on the floor was predetermined by the impact veloc-
ity sustained by the head due to people falling over (Chapter
VI). The cushioning on both the interior surface of the inter-
ior and exterior walls is also p:ovided for people falling over.
Furthermore, the cushioning on the exterior wall protects per-
sonnel from the effects of the pressure wave, which is trans-
mitted through the walls. in addition to the velocity effects of
the walls resulting from the overall and local motions of the
structure shell. It was assumed in the designs that falling
over against the exterior walls would not occur simultaneously
with the other dangers exhibited by these walls and, therefore,
cumulative thicknesses of cushioning would not be required.
It can be seen from the above discussion that the predominating
factor in determining the thickness of the cushioning, in those
structures (designed for protection level two) is the falling over
effects; therefore the cushionig thJckneve is independent of the
overpressure levels, This led to the use 3f a uniform thick-
ness of the cushioning for the design of those structures ,,'h
permonnel protection level of two.

Like protection level two, those structures designed
for personnel protection level three are , ovided with cush-
ioning an the interior surfaces of the exterior walls. This
cushioning is included for the purpose of protecting the inhabi-
tants close to the walls from the pressure and velocity effects
associated with the exterior walls -and not for the purpose of
cushioning falls. Therefore, the padding thickness will be a
function of magnitudes of the pressure wave passing through
the walls atid of the wall motions which in turn are a function
of the overpressure level. This means that the required
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thickness of the cushioning will vary with the magnitude of
the bverpressure level. In this study, this variation of the
thickness of cushioning is not considered but would be included
in a definitive design. Since the injury potential due to a given
impact velocity is considerably greater for corners and edges
than for flat surfaces (Chapter III and Chapier VI), cushioning
is provided on the former surfaces. The cost ol providing
cushioning for corners is negligible in comnparijon tu the. cost
of the remainder of the shelter.

The utilization of protective cushioning in a shelter gen-
erally will require the use of a certain number of bracing dc -
vices to provide the desired protection. As in the case of
bunks, straps (as located in Figure 7-25) should be used above
the first tier to prevent falling out. In most cases, falling
out of the first tier is probably no worse than falling from a
standing or sitting position. In the case of the top tier
(Figure 7.25), straps would have to be connected to ceiling or
an alternate restraining device (seat belts, etc.) would be re-
quired. Besides providing safety straps and/or restraining
devices for bunks, the cushioning of metal sections of the
bunks with which the occupant's head may come in contact or
may be a source cf danger to persons standing by, should be
provided. Padded steel helmets to protect the occupant's head
may be substituted for tle cushioning on the bunks proper.
Other means by which padding can be reduced or eliminated
altogether on bunks or other furniture is by the use of hand-
holes. The handholes can be an integral part or independent
of the furniture (see Figure 7-26).

The use of protective cushioning along with the other
bracing devices mentioncd above may be suppl.,rented and/c.-
substituted by the use of protective clothing (Chapter VI).
The cost of the supplementary bracing devices or of the pro-
tective clothing has not been included in this report.
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c. Shock Isolation of Equipment and Miscellaneous
Items

The equipment for which shock tolerances are un-
known (generators, pumps, electrical equipment) has been as-
sumed to be located on shock-isolated platforms with the shel-
ters. The isolation systems are so designed as to attenuate
the shock input environment below that specified in category
one of Section 4-3.

On the other hand, the equipment for which tolerances
are known (category two, Section 4-3) and are greater than
that of the shock environment, has been attached directly to
the shtll, i. v. , hi~ the ca;ae vf fluorescent light, both the fix-
tures and lamps can sustain at least a 20 g. -shock load and,
therefore, are suspended from the shells of shdlters designed
for protection levels two and three. Portions of some of the
oquipmvnt which is not shock isolated must be reinforced to

develop its full shock capacity. As in the case of the fluor-
escent lights, the off-the-shelf connections of the fixtures to
the shell would probably have to be strengthened to develop
the 20 g. -dynamic load cspacity of the lights themselves.

In those structures designed shock tolerance two and

three the furniture will have to be reinforced to sustain the
dynamic loads. The bunks (F Sure 7-25) and benches (Figure
7-26) will usually require diagonal bracing to resist the hori-
zontal motions of structures in addition to having a relatively
wide base to resist overturning, By connecting together sev-
eral adjacent bunks or benches, the required width usually can
be produced. These connections must be capabie of tra. ,er-
rinu applied loads. VWhen two benches or chairs are plased
back to back, sufficient space should be allowed to prevent the
heads of the people in the adjacent benches from colliding, As
mentioned in Section 6-5, arm rests so:- rating every three
or four people should be provided on the benches, Seat belts
will prevent people fruma falling off,

Figure 7-26 illustrates a typical seating arrangement
in a ehelter and the probable movement of the occupants due to
the ground shock.
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CHAPTER VIII

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

8-1 Summary

8-1. 1 Shock Environment

Ground shock caused by the air-blast wave (air-induced
shock) is of prime importance for the overpressure levels in-

volved in this study. sinc- the peak intensity of the waves trans-
mitted directly into the ground (direct-transmitted shock) de-
creases much more rapidly than that resulting from the air-
ir.dueed effect.

Free-field ground motions are characterised by (i) a
low-frequency. downward displacement pulse which reaches a

maximum value near the end of the positive phase of the air-
blast wave and then rebounds and damps out quickly; and by (2)
a high-frequency acceleration which attains a peak value in

the extremely early stages of the motion. In some cases
(lower overpressure levels), the initial motion may be upward

but of les magnitude than the auhsequent downward movements.

In addition, there is horlaontal motion of a similar nature.

The characterittics of the structure motions are similar
to those of the free field except that the peak intensity of ac-

celeration is of lower value,

For design purposes. it is convenient to express the
ground shock environment in terms of response spectra. Peak.
free-field. air-luduced ground motions can be calculated as a
function of weapon yield, blast overpressure level, and site

conditions; and from these peak ground motions, the free.
field $round shock spectra are calculated

r)esign spectra. for a buried stractre, are determined
by selecting free-field spectra at such a depth below the r-ouu
of the structure as to be equivalent to the design spectra. De-
sign spectra can be obtained in this manner because the rapid
attenuation of the free-field acceleration with depth can be
utilized to .w.nt for the lower structure acceleration
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compared to that of the free field. The free-field displace-
ments and velocities attenuate gradually with depth and, there-
fore, proper structure values for these components, which
should be in order of magnitude of thosc of the free field, are
obtained.

8-1. 2 Shock Tolerances

In a structure 3ubilected to ground shock. vibration
produces the predominant effect for persons located on a
shock-isolated platform. For persons located on a floor slab
which is integral with the structure shell. the predominant
effect is due to impact. Shock tests conceived specifically
for this ground shock e.vironment have not been performed.
llowciver, based on tests and studies of human and animal re-
sponse to vibration and impact associated with -ther types of
shock environments. it id possible to prepare estimates of
tolerances for the ground shock environment although a de-
gree cf uncertainty will subsist with such estimates until ap-
propriate tests have been conducted. The basic personnel
shock-ierance values are-

Vibration of Non-Restrained Personnel - Peak Accel-
erations- 0. ?S g. Vertical and 0. 50 g, Horizontal,

Vibration of Restrained Personnel *Peak Accelera-
tions: . Z,0 . Vertical and Horizontal.

Imact Against Hard, Flat Surfaces -Peak Impact
Velocity- 10 ft. /sec.

Based on these Lwlerance values. pertstel design
criteria established for this study consists of three personnel -
protection leoels. The first protection level affords the most
reliable protec*.ion of tha three levels and -quires a shock-
Isolated interior platform to reduce the high accelerations
of the structure to tolerable values, The second and third
protection levels require the use of protective cushioning ma-
terials. in lieu of shock-isolated platforms, to protect
against injuries which may be caused by (1) impact at vel .
*cities above 10 ft. /*ec. . (M Impact with corners and edles.
and (3) compression waves transmitted thro.Agh exterior walls
The second protection level provides for cushionng materials
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on all impact surfaces within the shelter, and the third pro-
tection level is based on the use of a limited amount of cush-
ioning materials. Protective clothing and bracing devices could
be used as an alternate or as a supplement to cushioning ma-
teria ls.

Impact may result from the relative motion of the per-
sonnel with respect to the structure and from being thrown
off balance. Impact velocities due to personne) being thrown
off balance would probably not exceed 17 ft. lsc.

The relative motion of the personnel with respect to
the structure floor can be estimated by comparing the struc-
ture displacement versus time with the personnel free-fall
displacement due to gra~dity. An approximate (synthesized)
dis*placement -versus -time curve can be computed from spec-
tra curves.

Mechanical and electrical equipment are generally at-
tached to their support and are. therefore, subjected to a
vibratory motion. Shock tolerances for equipment vary can-
siderably for the wide range of available items. Maximum
tolerable acceleration values for ru~geti items atv greater than
20 S. . whereas tolerances for fragile equipment are as low as
I to 2 1 Only select items of equipment have been tested.
Nevertholess. in many cases, sae tolerances are known
based on the shock environment associated with the shipment
of equipment on railroad cars and trucks and on loads sus-
tained during normal operation of the equipment, These
values are.

Mechanical and Electrical Equipment- . or Iosit
Elcctrontic EqI.imenL- it ta

To avoid amplifications due to resonance with the corn-
pononts of ecquipment Ittes the frequent-~ at the isolated
system should be loe than 20 c. p s.

Equipment tolerance criteria for thi study consists osf
two categories. Category one considers the use of non -shocli.
taetd equipment and utiliaos the above tolerance values. Cat-
egory two considtra the 'ase of shock-tested equipment. in
which case artual maximumi talvrance values would be utili .ed
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in drsign.

Miscellaneous interior components, such as furniture,
partitions, ductwork. etc , require individual evaluation to de-
termine the required strength, anchorage, and flexibility

8-I. 1 Shack Isolation Techniques

In shelters designed for ground shock. protection may
be achieved by providing shock isolation systems which sep-
arate the occupasits and/or equipmert from direct contact with
the structure shell These systems consist of (I) shock-is-
lated platforms and (2) cushioning materials and other protec-
tive devices Their use is dependent upon the desired reliabtlity
of protection, the functional requirementi, and the cost rz. i
,jersurinil iorotection level one. both the personnel and the

rquipment are supported on the same shock-isola.ed platform;
for protection levels two ad three. the equipment is usually
shock-isulated by platforens and cushioning is used for protect-
ing the personnel.

Shock isolation of platforms can be accomplished in one
..t twt% ways. (I) use of pendulum spring supports. or (2) barn-

mounted spring supports For relative displacements up to ap-
proximately 24 inches, both the pendulum and the base-mounted
systems utiltat helilca compression sprilg although beam and

oluit springs can be utilised at sailler displacements

The pendulum system consists of a series of rods, bear.
lli plate. and springs having its uppjw end suspended from the

uppor partion Iroof or walls) of the sheller while the lower end
of the pondulum is attached to tiw plat(orm tlsually this ty, -
of suspension system is O-oigned for a dynamii response. to

the sh;.-k input. f one g or less

The base -. ounted support system is -pporld by the
base f the shelter Itere. the platform is mounted on the
springs which in turn are supported on the touodation slab This
6yotirm can he designed for dynamic response -a.urs greater
than onv S alitough the moCt eOCnani.cal design (oe the eye-
tom as a unit i* for a dyiamlmc rosponse equal to or lessi than
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* Other t',an shock-isuiated platforms, protective incas -

tires for personnel c )nsiit of the use of (1) protective cushion-
: ng mterials. (.2) protective cluthing, (3) restraining de-
vices, and (4) bracing devices. These devices can all pro-
vide a degree of protection against injuries caused by impact
loads. %l over, they can be used in combination in a par-
ticular shelter.

P-rotective cushioning materials placed on the interior
suriaces of the shelter offer the important advantage of pra-
vtding protection %%itho)ut relying on personnel to perform any
p)rtcautiutiaa-, task. SetvrA! types ni cushioning materials
art- available which cin provide adequate protection against
impact inj~uries, Of the materials investigated, Ensolite ZZ2f66

frd namne 4 U. S. Rubber Company) rrovides the hest pr,%tec-
tit..i per inih ot thickness. One inch A: Ensolite 2Z66 vill
pluteet the head at impact velocities up to IT ft. ,'sec.

Fiafective utiliiaation of protective clothing (helmnets.
?add ing. iihoe. etc, re'quires an element of ro-itro. 44t as-
suring that the clothilwg w ill fit and will be worn during ilke
emcrgoncy since such clothing may be cumbersome ard un-
comfortable if prolonged sev is required. An advantage in
usirg protectivc, clothing is that the dual -put pooe f-,Anctiatn ut

tho sh.Iter area during non-rmerge-icv periods would not be
affected, The single most iportant item of protectia* clt~th..
ing is the helmet

%Vith advanced planning and proper sups'r~l ' .41 q the
personnel. restrainint de icas flap belts atiA. vliiu~dcr ttraps.
etc, ) cats providte protection against injuries resulting fraom
impact. Briaing devices (handholds and protective raii .;:s)
e'- bet used to provide supplomentary pratection int C~on~unc-
ion w',th one or more 4( the other methods,

-I4 DesianStdies

The design studiv# kr-dudvd dotlla layouts. illuatra.
u '-4A (typiial mreth~idt used tor providing prowc.ou frnm

structtirv motions both (4r porsonl and equipment. and ccs
vstit-ates of (hot- port.on$ of the structures wvhich affect.r
airc affected by. the method gi Ahvck isIstion '1114 41P
signs wpe prrpared Gar Prelsur I-FIA of Z'S t00. And



300 p. s. i. (produced by a 20-MIT weapon) for populations of
10, 100, and 250 persons; and for various types of structures

and foundations. This study included buildings with one or

more stories. In all cases, they were assumed to be shallow
buried. Three personnel protection levels along with both

categories of the equipment design criteria wexe included in
the designs.

The shock environment has been established in accord-

ance with the procedures previously mentioned and has been
developed for assumed site conditions. The selection of the

site characteristics (layer thicknesses, seismic velocity) was
such as to represent a typical site. With the use of assumed

site conditions, free-field ground-shock spectra were com-
puted for 10-, 20-, and 30-ft. depths below the ground surface.
For determining the response of the interior portions (shock
isolation system) of the structures, the free-fiel | ground mo-
tions at the 10- ft. and 30-ft. depth have been assumed to be

equal to the motions of the low silhouette (one-and two-story
shelters) and taller buildings, respectively.

The desigi, concepts included thirty-five schemes, of

which nine structures were designed for the 25-p. s. i. over-
pressure level while sixteen and ten structures were designed
for the 100- and 300-p. s. i. pressure levels, respectively.

The schemes for the 25-p. s. i. overpressure range were lim-
ited to rectangular-type shelters whereas for the higher pres-
sure levels several different structural arrangements, in-
cluding horizontal and vertical cylinders and arches. were in-

vestigated for feasibility of construction. In the latter case.
the horizontal cylinder was found to be the most practical con-
figuration both economically and functionally. Personnel :r',-
tection levels I, 2, and 3 were considered for all thiee eve..
pressure levels as were the two design categories for the

equipment. All three population capacities (10, 100. 250)

were included in the designs of the structure- at the 25-p. s. i.

overpressure range but only the 100- and 251-person popula-
tiors were considered for the two higher pressure levels.

In those structures designed tot personnel protection

level one, both the personnel ine the equipment were assumed

to be shock isolated on the same platform while In the shel-

ters designed for protection levels two and three, only the
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equipment was mounted on the isolated platfoims. Except for
the shelters located at the 25-p. s. i. pressure level, the shock-
isolated platforms in the structures designed for personnel
protection level one were supported by pendulum-type corn-
pression springs while in the former structures and in those
shelters where the equipment has been shock isolated by
itself, base-mounted support systems were used for the plat-
forms. When protecting personnel, the isolated platforms
were designed for a dynamic response to the vertical acce!-
erations of the structure equal to 0. 75 g. ; and 1. 0 g. was
used when only the equipment was being protected. The se-
lected response values were equal to or less than the toler-
ances specified in the design criteria in addition to being the
must economical arrangement. The use of a 0. 75 g. design
value therefore eliminated the need of restraining the personnel.

In the design of those structures for pe sonnel protec -

tion levels two and three, protective cushioning raterial
was utilized on the floors, the interior ;vitaevuie walls and/or
exterior walls, the corners of concrete partitions and those
portions of the interior furnishings which may form a hazard,
Protective cushioning was used on the floors, walls, and
corners of those shelters designed for protection level two
while for protection level three only the exterior walls and
cornea s are cushioned. fecause the impact velocity sue-
tained by the personnel due to the vertical motion of the
structure was less than tuit ft. /sec,, the thickness (one inch)
of cushioning used in the shelters deslgncd for paotecti-m
level two was based on the impact velocity sustained by the
head due to people falling ovor. Cushioning with the same
thickneos was used in shelters designed for protection level
three.

In the design of the shell of the structures, the blast
load was assumed to be applied to the exterior at the shelter
whereas iet-tions. intermediate flnnor Oh, and other inter'-
or items were designed for the structure response to the

ground motions, In the design of the rectangular structures
(or tho ZS-p, a. i. overpressurp level, both monulithic foundA.
tions an individual ooting were used deponding upon the
personnel protectins level being c*nsidered, For the higher
pressure levels where horizontal cylinders were utl~ied. a
thickened mololuic) section of shall was used tr the base
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slab in the personnel area of the shelters designed for protec-
tion levels two and three.

Because all of the volume of the horizontal cylinders at
the 100- and 3 0 0 -p. s. i. overpressure ranges could not be util-
ized if the usable floor area was on one level, multistory inner
structures were investigated to determine their efficiency in
comparison to the single-story structure. The use of a two.-sty
isolation system was found to provide the most economical ar-
rangement for the population considered and a protection level
eqnal to one. When a design was performed for a similar struc-

ture for protection levels two and thrcc, it was found that for
the spans required, the members could not be designed for the
high dynamic loads of the ground shock.

Based on the estimate of the costs of the ,helters, the
relative costs (cost of each structure relative to a non-shock-
isolated structure) of the single-story shelters increased with
Increasing protection. This was found to be primarily the re-
sult of the additional material required for the lower protection
levels. Unlike the single-story structure, the relative cost of
the two-story structure was found to be les3 than that of the
structures for protection levels two or three. It was observed
In the cost investigations that the relative cost for a particular
pressure levo;l, structural configuration, and protection level
was greater for the 100-person shelter than that for the 250-
pirson shelter; while in the case uf the 25-p. a. i. rectangular

strt;cture. the relative cost for the 10-person shelter was less
than those for the 100- and 250-person structures. The incream
of the relative cost of the 100-person shelter above that of the
25O-person shelter was the result of the more predominant ef-

fact than the cost of the shock isolation system h^9 or, the tot!.!
cost i-, the former shelttr in comparison to that of the latter

For the shelt-r schemes considered in the design -tudlme
the increase in cost of the shock-isolated str.ctures variee, from
4 to 6S percent of that of the non-shock-isolated strtictures. The
non-ehock-isolated structure cost was based on those iteme
which eithrr afiect. or are affected by. the shock isolation
system, I ei. shell and earthwork
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8-2 Conclusions

8-2. 1 General Conclusions

The following conclusions pertain to shallow-buried
civil defense shelters at overpressure levels up to 300 p. s. i.
and for megaton surface bursts up to 20 MT.

1. Shock-isolation systems can be effectively and eco-
nomically accomplished for the protection of personnel and
equipment against the effects of ground shock.

2. The free-field ground shock environment can be ade-
quately described, for design purposes, in terms of shock
spectra.

3. Design shock spectra can be conservdtively deter.-
mined from the free-field spectra. This conservatism, which
pertains to the high-frequency range of the spectra, usually will
not affect design results.

4. Shock tolerances for personnel, as established in
this study, can be designated effective.y in terms of either vi-
bration or impact. Equipment shock tolerances are designated
effectively in terms of vibration

5, Shock-isolated platforms are an effective meens of
providing vibration protection for personnel and equipment.

6. Effective supports for shock-isolated platforms for
vertical and horizontal motions can be achieved by utilizing
either (I) pendulum spring systems, or (2) base-moun,,.-'
spring systems.

7. Pendulum yftems are usually more effective than
base-mounted systems when multistory s. k isolation systems
are utilized.

A. For structure displacements up to approximately 24

inches, the use of helical springs is generally appropriate in
both the pendulum and the base-mounted systems, Volute
springs can be used for displacements in the order of 6 incheai
or less while the upper bound of the displacement for beam
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springs is about 3 inches.

9. An optimum dynamic response value between 0. 5 and
one g. in the vertical direction will genera]ly result in the most
economical shock-i solated-platform.

10. Cushioning materials placed on the interior of the
shelter are an effective means of providing impact protection
for personnel.

11. One inch of cushioning material will usually be suf-
ficient to protect personnel from injuries resulting from impact.

12. Protective clothing and restraining and bracing de-
vices can be used to provide supplementary protection in con-
junction with, or as an alternate to, cushioning rraterials.

8-2. 2 Specific Conclusions

In addition to the conclusions in Section 8-2. 1, the follow-
ing conclusions pertain to shallow-buried personnel shelters for
the specific shelter populations (10, 100 and 250 persons), over-
pressure levels (25, 100, and 300 p. . i, for a 20-MT surface
burst), and site conditions (Section 7-4) considered in the design
studies,

1. Three personnel protection levels can be utilized
which afford varying degrees of protection reliability. On-the-
average safety is provided by all three protection levels,

2. For the spanw considered, interior structural floor slais
without spring supports cannotbe efficiently designed for the dtoai-
mic loads associated with the designated shock environment,

3. The optimum value of the dynamic response in the verti -
cal direction for the design of the shock 4solate. platforms which
support both equipment and personnel, io approximately 0. 75 g.

4. The optimum value of the dyna-nic response in the

vertical direction for the design of the shock-isolated platforms
which support equipment only, is one g. Therefore, the use cf
non-shock-teited equipment is practical except when the equip-
meant is attached to the structure shell.
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5. The increase in cost of the shock-isolated shelters
varies between 4 and 65 percent of the cost of the corresponding

non-shock-isolated shelters.

6. The cost per person of the shock-isolated shelters
increases with decreasing population sizes.

7. The cost of the two-stury horizontal cylinders (per-
sonnel protection level one) is less than that of the single-story
structures (all protection levels) and the multistory vertical
cylinders.

8. In all cases, the increase in cost of the two-story
cylinder is equal to or less than 12 percent of the cost of the car-
responding non-shock-isolated shelters.

9. The cost of the shock-isolation system varies be-
tweet, ') and 68 percent of that of the corresponding structure
shell.

8-3 Recommendations

Based on the results of this study, the following itenit
are recomnended ior further study and investigation. These
1tems pertain to teets on personnel subjected to simulated grourd

shock motions,

1. To substutitiate thiw recomendea p 'rso-inel vibration
tolerances, additional vibraticn testing ahould be ;'onducted for
durations in the order of magnitude of that expected during
ground shock up to the durations for which test data is av.'.iQle,

a, These tests should be conducted for standing, sitting,
an- reclined personnel and for personnel restrained
and non-restrained.

b. Tests should be performed for combined vertical,
hurizontal, and rocking vibrations.

2, Testing to obain addit. ial information concerning

the horisontal acceeration required to cause personnel to fall
over, considering standing and sitting positions and relative dli-
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rections of acceleration. The effect of simultaneous vertical
accelerations should also be considered. Tests should include
estimates of body impact velocities for the various conditions
considered.

3. Testing similar to Item 2 for personnel strapped to
seats rigidly attached to the floor slab, including study of vari-
ous types of seats, head supports, and harnesses to provide the
most effective protection.
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APPENDIX A

REVIEW OF THE STATE OF THE ART

SECTION A- I

INTRODUCTION

Appendix A contains discussions, evaluations, and
summaries of publication. and data reviewed in order to es-
tablish the state of the art in the protective construction field
pertinent to this study of shock isolation methods for hardened
civil defense shelters .The review was organized in six gen-
Pral categories presented in the following sections:

A-Z Free-Field Ground Motions and Free-Field

Ground Shock Spectra.

A-3 Structure Response and Spectra for Structures.

A-4 Shock Tolerances for Personnel.

A-5 Shock Tolerances for Equipment and Other Interior
Components.

A-6 Shock Testing Facilities and Current Techniques
Used for Shock Testing.

A-? Current Techniques Used for Shock Isolation Sys-
tems.-

Available publications obtained through general re-
search. the Defense Documentation Center. and from other
agencies In response to our inquiries and requests for informia-
tion were r*-*ivwed. Information was al &~ obtained at meet-
ings with various organizations.

Under each category a dioccesion and an evauation of
pertinent information obtained through the review are pre-
sented with publications, minutes of meetingso and other
sources of information referenced. Following the discussion
and evaluation for each category are summaries of pertinent
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information obtained from the referenced publications. It is
emphasized that these summaries contain only those data and
that information which are particularly applicable to the pre-
sent study and should not, therefore, be construed as being
representative of integral abstracts of the references in-
volved. A list of these references is presented at the end of
this appendix. Minutes of meetings held with other organiza-
tions are presented in Appendix B.
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SECTION A-Z

FREE-FIELD GROUND MOTIONS AND
FREE-FIELD GROUND SHOCK SPECTRA

A-2.1 Di3cussion and Evaluatiop

For the development of free-field ground shock spectra
a review of various publications was unnecessary since Refer-
ence A. I was specified as the reference source for determining
free-field spectra. The procedure presented in Reference A. 1
is considered the most current available for predictig free-
field ground motions and spectra (Sections B-3 and B-6).
Free-field ground shock spectra are described in Chapter II.

However, since the comput@-d spectra ra.ates only dir-
ectly tu peak free-field ground motions and peak responses of
simple elastic systems to the spectra motions, it is necessary
to consider also the nature of the time-history characteristics
associated with the ground motion. These characteristics are
useful in obtaining a better evaluation and understanding of the
effects of ground shock on personnel and equipment not at-
tached to the structure or not completely elastic.

Field measurements of ground shock have been re-
corded during nuclear weapon tests. However, this data can
be used only as a guide when estimating ground motions inas-
much as the scope of the test data was limited to particular
weapon sites and overpreosure ranges. and to site conditions
which art not necessarily typical. In some cases irconsis-
tencies were apparent, thereby arousing uncertainties c
corning the reliability of the data. In addition, proper sal-
lng relationships for sites and blast nvirowments different
from the test conditions are also uncertain. Nevertheless,
for the purpose of Investigatinl the time-l' tory characteris-
tics associated with ground shock mottoes, past test data are
useful, rigures A-I to A- I show typical free-field vertical
acceleration, velocity, and displacement versus time records
for various depths below the ground surface as recorded at thb
Nevada Tet Site for a 40-KT. weapon yield at 229 p.5.i.
peak overpressure (Reference A. *). These data were to-
corded at a ground range whore the air -blast wave arrived

A-)
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prior to the ground wave, at the various depths. The acceler-
ation data were recorded in the field, whereas the velocity and
displacmnent curves were obtained by integration of the accel-
eration curves.

It is seen in Figure A-1 that the acceleration-timt
curves are characteriaed by a single, sharp. downward peak
(pulse duration of approximately 10 msec.) preceded and fol-
lowed by lower amplitude disturbances which become less pro-
nounced with depth because of modification of the wave during
its travel through the earth. The surface air-blast arrival
timc Is dosignated by Ue vertical line labeled All, and the
arrival time of the motion is indicated. In this case, te
early minor disturbances correspond to the precursor, and
the peik acceleration is produced by the larger main peak of
the air blast. The time of onset of motion at the surface is
the same as the blast arrloal time, and the delay time with
respect to AB at various depths is the time required for the
pressure wave to travel from the surface. The accelerations
following the peak pulse are associatedLwith the pressure de-
cay, elastic, rebound ot the soil, and the arrival of ground
waves froin sources closer to ground. ero. As shown In Fig-
ure A-I. a rapid attenuation of the peak surface acceleration
and decrease of frequency with depth occurred beth of which
are typical of frtue-field -acceleraUons in both tho vertical and
horizontal directions.

For the higher weapon yield (20 MlT) considered in
this tudy, the leneral characteristics of the acceleration
curve would be similar to the iecords plotted In Figure A-
eacept that the sharp peak would be followed by disturbances
of tenser duration due to the longer positive phase duration
of the my ast.

The peak value of the eypected grouad acceteration
corresponds to te peva high frequency acca ,ration response
of the free-field ground shack spectra. The occurrence of
early distArbamet depends on whether a precursor forms an
wh Uer the blast wave velocity i Souwrselsmie or sub-
seismic. At the 100-p. s, igrund range, the blast wave
velocity-would be vp.releismic for a typical wil site. and
te air-blast wave woud arrive prbor to any grouwd w es at
the shaUow deptho being considered, At the 100-p. s,. ground
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range, the blast wave velocity would vary from superseismic
to transeismic, depending on the particular soil site, with
the air-blast wave arriving prior to the ground wave or per-
haps at about the same time. At the 2 5 -p. s.i. ground range,
the blast wave velocity would be subseismic for a typical soil
site, and the ground waves will arrive prior to the air-blast
wave. The early-arriving ground wave motions may cause an
initial upward acceleration; however, it is expected that these
early disturbances will be of minor magnitude compared to the
amplitudes associated with the main air-blast shock.

For lower overpressures, the upward peak accelera-
tion following the sharp downward peak tends to increase
with respect to the downward peak (Reference A. 2) so that at

the 100-p.s.i. ground range the ratio of peak downward to up-
ward acceleration would be lower than that at 300 p.s.i. and
lower still at 25 p. s. i. In fact, at 25 p. si. it may be ex-
pected that the upward peak would be equal to the downward
peak. The accelerations occurring prior to, and following,
the sharp downward peak and first upward peak depend on the
ground wave contribution at the particular bite ,i ua the pre-
.ursor effects. These can combine to cause a random-type
motion of various frequencies. The wave form preceding
and following the pronounced peak is a random motion con-
sisting oi many relatively high frequencies tending to decay
as the air-blast wave decays. The ground wave contributions
from points closer to ground zero tend to extend the duration
of the disturbance since they may arrive after the duration of
the positive phase duration of the air blast (Reference A. 2).
A better understanding of this ground motion over its entire
duration can be obtained from study of the groundi velocity
and displacemtent wave forms.

Velocity-time curves, obtained from a numerical in-
tegration of the P cceleration-time curves, are plotted in Fig-
ure A-2. The shape& of the velocity curves i..,e similar to
that of the air predsure. The rebound of the velocity results
in a peak upward velocity which is expected to be much
smaller than the downward vulocity (Reference A. Z), although
the rebound portion of the plotted curves is not complete or
reliable. As may be anticipated, attenuation of the velocity
with depth is considerably less than th4t of acceleration
sine the duration of the accelerittion pulse increases with
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depth.

Displacement-time curves, obtained from a double inte-
gration of the acceleration records, are plotted in Figure A-3.
It is seen that the wave forms exhibit a gradual time of rise to
the peak value which occurs approximately at the end of the
positive phase of the.air pressure; however, for other site con-
ditions the peak displacement value may occur at an earlier
time. Actually, a near-peak value occurs considerably before
the end of the positive phase inasmuch as most of the impulse is
expended in the early portion of the air-blast wave because of
the rapid decay. These displacement curves obtained by inte-
gration of the acceleration records are not reliable beyond the
peak displacement value. Other data of direct displacement
measurements (References A. 3, A.4) indicate that after the
peak downward displacement, the displacement rebmnds )m2-
cause of elastic action and quickly damps out, resulting in a
residual permanent displacement due to plastic action. The
peak value of the anticipated ground displacement corresponds
to the peak low-frequency displacement response of the free-
field ground shock spectra.

It is seen that the displacement 3nd velocity ground mo-
tions are characterized by a predominant single downward pulse
followed by an upward pulse of lesser amplitude and then by a
quick damping out of the motion. In the case of the displace-

ment, the rebound may recover only a portion of the peak
downward motion end nnt result in any net upward value. The
duration of the downward velocity pulse is in the order of the
positive phase duration, and the duration of the corresponding
downward displacement pulse would be in the order of twice the
positive phase ditration. As previously shown, the accelt:. -
tion .ave form is characterized by a single, sharp downward
peak followed by an upward peak and then by a high-frequency
random-type ac.eleration of lower amplitude. The sharp
downward acceleration pulse results In the .,aak ground vel-
ocity, and the subsequent accelerations correspond to the decay
and rebound of the velocity pulse which, of course, signifies
that the net area under the acceleration-time curv. following
the downward pulse. is in the upward direction. 'rhe acceler-
ation curves indicate that these upward values of acceleration
which would be associated with the rebound are very small
conmpared to the downward peak amplitude, although data at the
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later times may not be as reliable.

Generally, the horizontal free-field ground motions
have characteristics similar to those of the vertical motions in
which ca~E the initial peak pulse is outward from ground zero
and is followed by a rebound in the opposite direction.

A-2. 2 Summaries of Information
Obtained from References

a. Summary of Reference A. 1

This guide has been used as the approved reference
source in the development of free-field ground shock spectra
for this study. The guide presents equations for determining
peak free-field ground motions. These peak motions are used
to develop the corresponding free-field ground shock spectra
as described in the guide. In this procedure, only the peak
ground motions are evaluated without consideration )f the
time-history of the motion. Appendix C presents a summary of
the equations for calculating free-field ground motions.

b. Summary of Reference A. 2

This report presents results of test measurements of
ground accelerations, stress, and strain recorded during
Shot Priscilla (approximately 40 KT.) of Operation Plumbbob
at the Nevada Test Site. Measurements were recorded at
peak overpressures ranging from 59 to 554 p. s. I. Ground
acceleration versus time motions were recorded at the sur-
face and at various depths below the surface down to 50 feet.
Velocloy versus time. and displacement versus time ground

motions were determined by Integration of the measured ac-
celeration-time curves.

The soil at the test site is alluvial. Stratified and
fissured silty-clay and clayey-silt exist at least down to 50
feet, and probably down to 200 foot. Below 200 fcot lies the
original lake bad and the soil become& a sand-gravel aggre-
gate. Bedrock exists below the 650-ft. depth. The following *
seismic velocities were recorded.
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bept4(ft)Velocity (ft/icc)

O to 10 11,zo
10 to. 1175 ,600

175 to 650 3,600
Below 650 10,000

c. Summary of Reference A. 3

This report presents results of teat measurements of
ground accelerations and displacements recorded during Shot
Priscilla (approximately 40 KT.) of Operation Plumbbob at
the Nevada Test Site. Theme measurements were recorded
during the same teat and at the same site as Project 1.-4 (See
Reference A. 2). Measurements were recorded at peak over-
pressures ranging from 59 to 270 ps .i. Ground acceleration
versus time, and displacement versus timo motions were re-
corded at the surface and various depths down to .100 feet.
Velocity versus time, and displacement versus time were also
determined by integration of the measured acceleration -time
curves.

Soil conditions are the same as those given in the
summary of Reference A. 2.

d. Summary of Reference A.4

This report analyzes results of test measurements of
ground accelerations and displacements rer rded during sev-
eral shots of the Operation Hardtack serierm at the Eniwetok
Proving Ground. These tests were conducted to extend the
knowledge of ground motion to different yields, higher ove..
prea.ure regions. and to different soil types.
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SECTION A-3

STRUCTURE RESPONSE AND

SPECTRA FOR STRUCTURES

A-3.1 Discussion and Evaluation

a. General

'Underground structures experience motions which are
a function of the free-field motions of the surrounding soil, the
blast pressures applied directly to the structure, and the in-
teraction between the soil and the structure. It is important
to note that free-field ground motions and free-field ground
shock spectra are computed on the assumption that there is
no structure or other large discontinuity of rnass and stiffness
present within the soil in the area of interest. The motion

of" a structure placed in the soil, compared to the free-field
ground motions, would depend on the dimensions and mass of

the structure. Generally, a small light structure would tend
to move with the surrounding soil in accordance with free-
field motions, whereas the motions of a larger structure
would not be the same as the free-field motions.

Theoretically, in order to determine the motions of an
underground structure, it i necessary to evaluate the inter-
action of the structure and surrounding soil during the trans-
ient ground shock motions. The phenomena associated with
these interaction effects are extremely complex and difficult
to analyze, and it is necessary that simplified conditions be
assumed to obtain even an approximate solution. In ad,."
tion. the many problems encountered in the analysis of
structures subjected to ground shock are further complicated
by the uncertaintie associated with the prediction of free-
field ground motions and corresponding shi .k spectra.

In view of the uncertainties involved and by reason of
the fact that this study considers typical site conditions and
general structure configurations rather than a specific in-
stallation, a complicated solution evaluating the structure in-
teraction is not justified. However, appropriate spectra for
the structures considered will be established on the basis of
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current concepts representing the available knowledge in this
field. The most convenient criteria would be postulated in
terms of a modification of the free-field ground shock spectra
in order to establish spectra for the structures placed in the
free-field environment.

It is generally felt that spectra measured within a struc-
ture would have lower values at certain frequencies than the
free-field shock spectra. Reference A. 5 mentions that the de-
sign (structure) spectra would be less than the input (free-
field) due to damping. However, reduction of the free-field
spectra to determine the structure spectra does not necessar-
ily mean reduction at all frequencies. Except for an ex-
tremely long structure parallel to the direction of the blast
wave, the latter will completely engulf the structure and sur-
rounding soil. The loading, lasting several seconds, would
cause the structure to experience a peak displacement of the
same order of magnitude as the peak free-field displacement.
This means that the low-frequency portion of the structure
spectra would be similar to that of the free-field spectra.
However, it is reasonable to expect that the peak gross accel-
eration of the structure would be less than the peak ground ac-
celeration because of the longer rise time of the loading ou the
structure. The reduction in the peak structure acceleration
corresponds to lower responses in the higher frequency range
of the structure spectra compared to that of the free-field
spectra. This pertains to the grosp motion of the structure
when the structure is considered as a rigid body. Depending
on the flexibility of an actual structure, peak accelerations
of the roof slab may be higher than the rigid-body accelera-
tion if the roof is near the ground surface. In addition, it
may be possible to transmit high-frequency ground accelera-
tions ;I.rectly through the structure roof or walls although
these accelerations would also be reduced because of the
structure flexib'lity and structure damping. This high-fre-
quency motion woald only affect systems rigidly attached to
the structure and which do not have a large mass compared to
the structure shell.

Reference A. 1 states that an undetground structure
may be considered to move with the ground in accordance
with the free-field motions at or near its "ase and that. in
general, the structure is rigid enough so that all its parts
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have the same motions. However, it is also stated that the
response of a piece of equipment depends on the part of the
structure to which it is attached. This latter statement cor-
responds to the case where the structure flexibility need be

• considered. Although the recommendations of Reference A. I do
not involve a direct attenuation or mnodification of the free-field
motions, use of the free fic!d at the base of the structure cor-
responds to a redliction in the high-frequency range of the
spectra compared to using a more shallow depth, such as the
top or mid-height of the structure. The peak ground accelera-
tion which determines the high-frequency range of the spectra
attenuates rapidly with depth, whereas the peak ground dis-
placement and velocity would not significantly change for small
differences in depth; hence, the low-frequency portion of the
spectra would not vary from the top or mid-point to the base of
the structure depth. However, the attenuation with depth de-
pends on the soil variation with depth where a saarp change
in soil properties could effect a sharper attenuation of the
peak motions.

Shock spectra measurements were recorded duaring nu-
clear tests in the free field and inside a shallow-buried shelter
(Reference A. 6). Pertinent measurements are listed in the
Summary of Reference A. 6 (Section A-3. 2c) for the shelter
antd adjacent free field at 116 p. s.i. for a 40-K'. weapon
yield. Although the weapon yield is in the low kiloton range,
comparison of free-field and structure shock spectra meas-
urements can serve as a basis for judgment for other protec-
tion levels. Horlsontal spectra responses in the shelter were
approximately of the same order of magnitude as the free-field
horisontal values at the corresponding frequencies. The ver-
tical responses in the shelter were considerably less than I ov
free-field values at corresponding frequencies. The free -feld
vertical values were 1. 6 to ? times the vertical shelter re-
sponses with the higher ratios in the frequency rante from 40-
180 cps. This indIcates greater attenuation .n the higher fre-

, quenclies sincc, as previously discussed, high accelerations
tend to be attenuated by the structure, Fr frequencies above
900 c. p. s., attenuations were not as dreat as in the 40-1g0
c. p. s. range which may be due to special structure charac-
terlstce; perhaps the highet freqoency mitlono were trans-
mitted directly through the concrete shell. In any case, therc
is considerable attenuation In the high-frequency r~n3e. The
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attenuation in the higher frequency range in partially due to the
lower depth of the structure gauges. The ratio of vertical to
horizontal free -field responses varied from 1. 3 to 5 with an
average of about 2. 9. Thus, since vertical and horizontal peak
accelerations are taken as being equal when predicting free-
field shock spectra, a reduction of horizontal as well as vert-
ical surface values would be warranted on the basis of the re-
corded data.

b. Conclusions

Based on review of the data discussed above and sum-
marized in Section A-3. 2. the following recommendations are
to be used as a basis for establishing design shock spectra for
this study: the design spectra for short (lests than 30 feet).
shallow-buried structures shall be the same as the free-field
spectra at depth approximately equal to the rnid-hight of the
structure.

For establishiug design spectra for tall. shallow-buried
structures, it is advisable that the fret -field spectra at a
depth above the mid -height of the structure be used to properly
account for soil -structure interaction effects associated with
a tall structure.

A-3.2 3 bmaries rt Information
Obtained from leferecs

a. ftmua&! of Reference A* A

This guide states Ohat in a typical case (P. 5-27) a
underground structure may be considered to move with the
ground in accordance with Wke free-field motion# at or mear the
base *I the structure and that, in general, the structure is
rigid enough so that all parts of the structure have the same
mnotions. Howevvr,9 it is further stated that, t response of a
piece of etpuipnm depends on the part of the stucture to
which it is attached. This is probably a more rigorous ap-
preach what* Wle structure cannot be assumed rigid.

This guide Includes commnents on design ko resist
ground shock mootion. as summarized below I(Page SC-I):

OWhether the stucture be a shallow boxe arch, or a
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deep underground structure, the in~put inotiolks and the response
spectra corresponding thereto, for the free-field motions, are
used in the samne way. and no distinction is made here be-
tween these structures".

"The primary consideration given here is to the type
of interior structure which consists of a two-to-four -story
building trame supported independently of the root covering, so
that the base motion to which the tram* is subjected corres-
ponds in many respects to earthquake base motion*, However.
many of the comments regarding design of equipment are per-
tinent to the uituatiou %-.*r equipment is mounted directly on
a box structure without an independent interior frame.'"

Additional uanents are given regarding equipment
mounted In the structure either directly on the hnttom floor or
on an interior structural element. Where mc. inted on the
floor the input base motion is used. F~or the second case the
input would be modified, Sine this modification is rather com-
plicated, tentative recommendations are given for e* until
further data are available (M SC-16). These comments per-
tain to the response of the interior structure and equipment as-
suming the base input is known which. in effect. does not con-
sider the structure-soil interaction.

It is further stated in this guide that "the shock motion
of the foundation of The building Is assumned to be known, cor -
responding to some relatively simple motion (possibly a singe*
sine curve of displacemnent) on which ts supeermpoed a raa-
dom pattern of relatively higher acceleration pulses with oaly
a small amplitude of motion. The net effects of As grMmet
motioa are most readily described to terms of a reaposse
spectrum".

Based o-t the recommendations In Wel g&&d the
striscue mtion would corresponid to the free-field spectra at
the base of the oscure and, in general, the strusclare could

* be taken as a rigid body. This spectra would be &"Hold dir.
ectly to system atched directly to the obsure. Where anm
interior structure is sed, the Inpst at the base may be modi-

* S~tid fy or th terior sette to determine the input " the
equipment n*WqAt 04 the istelor structural elenwata.
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b. Summary of Reference A. 5

This report, which presents basic equations (similar
to Reference A. 1) for determining free-field spectra, contains
no directly applicable data pertaining to the modification of
the free-field spectra to cletermine the spectra for the structure
except that it is stated that the design spectra would be less
than the input spectra due to damping (Page 7-4).

c. Summary of Reference A. 6

S'hock spectra measurements were recorded during
Shot Smoky of Operation Plumbbob in the free field and inside
an adjacent shelter at I If. p. a. I. and approximately 40-KT.
weapon nise. The peak displacement responses versus fre-
quency are listed below for comparison af the structure and
free-fiod response spectra. The free-field gauges were
placed one ft. below the grounl and the structure Ra-igoi% .rj*
placed on the floor slab which was located at the 12-ft. depth.

Vertical Direction

Inside Structurt Free Field
Gauge 6 Gauge 7 Gauge a

fUc. p. .) D(r.) f(c. p. s.) D(in. ) f(c. p. s.) D(in.)

2.S4 1.62 2.60 S.45 .S3 4.53
8.12 0.906 8.56 1.52 8.8 1.46

21.9 0. 336 22.4 0.64S 2Z. 6 0. SZS
37.0 0. 0744 37. 4 0.254 37.1 0. Us
92.0 0.016? 91.0 0. 13 93.0 0. M)

136 00099 131 0.0673 t3? 0. 137b
15 0,0034 187 0.0291 ISO 0.0199
146 0.001 18 0.0106 236 0.0112
1010 0.0431 280 0.0112 294 0.005S
363 0.0036 33$ 0. 3066 '.8 0. 0066
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Horizontal Direction

Inside Structure Free Field
Gauge 5 Gauge 9

f(c. p. s. ) D(in. ) f(c. p. s.) D(in.

2.72 2.25 2.55 1.95
9.37 0.453 9.12 0.359

22.3 0. 113 22.4 0.189
36.9 0.0451 33.9 0.131
95.0 0. 0185 93.0 0. 0227
138 0.0101 107 0.0149
184 0.0099 181 0.0107
234 0.0041 203 0. 0042
285 0.0022 293 0.0055
296 0.0031 357 0.0027

It is seen by the above values that the horizontal re-
sponses in the shelter are approximately of the same order of
magnitude as the free-field horizontal values at the correspond-
ing frequencies. This indicates that the structure, or at least
the floor slab, tends to move with the soil in the horizontal
direction. Since the floor slab is extremely rigid in its plans,
there is apparently little isolation of the induced motions
through the slab. However, the vertical responses in the
shelter were considerably les than the free-field values at
corresponding frequencies. The free-field vertical values
were 1. 6 to 7 times the vertical shelter responses with the
higher ratios in the middle frequency range (40 -180 c. p. s.).
This indicates greater attenuation in the higher frequencies
probably because the structure does not experience the same
accelerations due to the structure flexibility in the vertic,,'
direions and the effect of the buildup of the blast loading.
In addition, there Is an attenuation due to the lower depth of
the structure saules. It should be noted that the measurements
indicate lower attenuations for frequencies .,,ove 00 c. p. s.
which may be a result of special structure characteristics,
perhaps the structare transmits the high frequency around mo-
tion directly through the concrete shell.

The ratio of vertical to horisontal free -field responses
varies from I. 3 to S with an average of about . 9.
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The increased attenuation for at! Qcture gauges of the
vertical responses in the middle frequency range was also
observed during Operation H11ardtack (Project 1. lZ). However,
attenuations also occured in the horizontal direction withi in-
creasing attenuation as the frequency increased.
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SECTION A-4

SHOCK TOLERANCES FOR PERSONNEL

A-4. 1 Discussion and Evaluation

a. General

Available literature on shock and vibration tolerances
frop hinl,' Pieal systems is reviewed and discussed relevant to the
effe'ctas of ground shock on personnel in underground structures.
and conclusions are drawn which serve as a basis for the design
of shock Isolation schemes.

For personnel housed in a nuclear protective structure,
the princIpal biolostleal offPets of p-ourvi shock%?. zoalj-mist pair
or kajurlas that -v~ight cc ur as a cmnsquence, of *the motions of
an underground shelter. Proper assessnt eof this hasard re-
quires knowledge In at least two areas; namely. (a) informa-
tion coacerning the motions of the structure an a function of the
site. weapon size. and overpressure level. and (b) man's tol-
erance to the environment as a functionl of the nbotions since
these motions detewmine the nature of the ' adieC' to which he
may be subjaeted.

The stracture, motions, which are & function of the,
"fre*-fleld" motions, are transient in nature and are charact-
erizd by (1) a low-frequency downward diel'acement which
reaches a maximum valu. generally near the end of the pooi-
tive phase of the air -blast wave which then rebounds and 4amps
out quickly. and (4) a high frequency random acceleration
which roschos a pak- Valmi In the eatreme se4 ly Magis of mae
motion. la, somoe ss, the Initial motion may be upward hut
of less magiuade than the following downward movemmts. 1A
addition, there -a harlsonWa motion of thee acbare of similar

* character.

Although exact magnitudes of t)eshock pae.corres-
ponding to the structure motion are ot aecesry for estim.
ating *hock #nd vibration tolerances tot pereoniel housed
Within Ike structure, the satur.' of the motions and ther dura.
io are considered Pertinent sinCe tOltrAntS has Meaning only
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in terms of a particular type of envirinmen. or exposure.

Because the motions in a ground shock environsert are
transient in nature and could possibly result in imparting an
abrupt velocity change to the body, either in stopping or start-
ing, in addition to a shaking or vibrating of the body, it is
necessary that human tolerance to two types of shock ewpos-
urea be considered; naael.qy, I) 4impicta iiiolving velok:ity
shocks causing body acceleration or deceleration and 42)
transient body vibrations. Tolerances for these types o! ex-
pooures and their meaning relevant to the ground shock onv;r-
oninent form the- hasic consideration investigated with regaird
to personnel.

In a structure subject to ground shock, a person may
experience various types of motions depending upon his loca-
tion and posture within the structure and upon th flexibility
of the supporting system. The latter depends oa the degree of
isolation of the seat and/t.r fl ijr which supports him, and on
whether or not he Is attached to his seat by atiaps or seat
belts.

U the floor is not shock isolated, Its motions are op-
prximtely the same as those of the srircture as in the case
of a fl-or slab which is monolithic with the structure shell.
Therefore, & subject not attached to the floor Is vulnerable to
Impacts similar to thoso experieaced in free falls (due to the
structure droppIg from beneath hi) andlr similar to those
experienced In shipboard explosions (due. to h structure re-
bounding upward beneath him). These impacts result iotn a
collision with tb floor. Impacts may also reslt as a con-
sequence of the subject being thri off balance due to the
Initial horktontal auecAlrueaiL *. At the strwctate or. to the to-
bou ing or upward motions of the structure redultg.- in his be-
ing thr.,so bodily against fhrniture, walls, or other hard
surfac.e. I,% -ts In this category also bew a resemblance
to those experienced in falls abd In shipb-r4 expislno.

It a subject is auebed to a strutoure, he is vtalvsterbl
ta i&aCC*riti¢on ftoured &IdIlat to thse experienced iII mili-
Wlry aircraft and, I addit ls. be is isbl t4 4JUry by .r-o-
so4 of the shakin *r vibrations of the structure.
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In any particular case, the seriousness of injury de-
pends upon the frequency, duration, and magnitude of the ac-
celerations directly imposed on the total organism and it.
several parts and on the impact intensity experienced when
collision with hard surfaces is involved. In addition, the ex-
tent st possible pain or injury depends upon the posture of the
personnel (i. e. , whether they are sitting, standing, or re-
clining) and their position with respect to nearby hard sur-
faces. In order to reduce or prevent harmful effects, pro-
tective measures, such as shock isolation, cushioning or sep-
aration of hard surfaces, proper strapping down, etc. , can
be provided.

The floor system may be shock isolated by either be-
ing mounted on springs or being hung frorn the ceiling. In
this case, the motions of the floor differ from the structure
motion. Peak structure accelerations will be reduced and
the floor response will be a vibration in accordance with the
frequency of the system superimposed on the structure dis-
placement. Although the support motion is modified, separa-
tion rom non-attached personnel may still result depending
on the degree of shock isolation. If isolation limits the peak
acceleration respoinse ti less than one g, separation will be
prevented. Personnel attached to a shock-Isolated support,
such as by seat belts or other strapping, will experience the
vibratory response of the support rather than the impact due
to collision. A subject uay also be isolated by individual
isolation of his support, such as a spring-mounted chair or a
cot. In this case, he will be subjected to the vLbratory re-
sponse of the individual support. Impact would be minimised
by such an Individual shock mounting.

The motions of a structare in a ground-shock environ-
rnent may have several possible effects on preomel housed
within such a structure. The motion may interfere directly
with physical activity and/or it may resug in discomfort,
pain, trauma, or mortality, Other effects associated with
long-duration vibrations, such as irritation, fatigue, and
thermal and chemical effects, ari not likely duo to the
transient nature of the motions,

Generally, there are throe simple criteria for subjec-
tive responses to shock and vibration: the thresholds of
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perception, of unpleasantness, and of tolerance. However,
only approximate limits to these thresholds under given ex-
posure conditions can be given since the exact physical mode of
action of any exposure varies with respect to physical, physio-
logical, and psychological reactions rendering such limits sta-
tistical in nature. With this in mind, researchers have es-
tablished threshold tolerances for man under various shock and
vibration exposures at which physical tissue damage or trauma
is not likely to occur. Furthermore, some have established
thresholds of perception and unpleasantness for various vibra-
tion exposures.

Although most of the available data are not directly ap-
plicable to the exposures expected in a ground-shocd environ-
ment, those which are felt pertinent for establishing shock tol-
erances are summariaed and discussed in the following sec-
tions covering vibration tolerances, impact toleran.es, arid

conclusions.

b. Vibration Tolerance

As pointed out earlier, personnel housed in a protective
underground structure and subjected to ground shock may be
isolated on some type of suspension system such that the max-
imum accelerations of the gross-structure motions are not ex-
perienced. For an adequate design, the motions of the system
must be within vibration tolerance limits that the personnel
can withstand consistent with operational requirements or
prevention of injury.

U the system is relatively stiff, resulting In initial
downward motions in excess of one g. and the personnel arc
not atta'hed to the system, then the tolerance to vibrational
motion in this "Og" range is not important since separation will
occur and injury is likely to result from impact. On the
other hand, if the personnel are attached, the separation is
prevented and tolerance to vibrational motions Is of primary
concern, particularly for isolated systems.

Although a systent may be isolated to within one #..
such that no separation ensues for non-attached personnel,
vibration tolerance lev@!o to these low-frequency motions may
nonetheless bt important, especially since it has been reported
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(Reference A. 7) that such levels are considerably reduced in
the low frequency range due to resonance with the body's nat-
ural periods.

Previous studies (Reference A.7) have been designed to
determine whole-body response and tolerance to sinusoidal vi-
brations in the frequency range from 1 to 70 c.p.a. In these
studies, subjects were (non-attached) in a standing, sitting, or
lying position on a horizontally or vertically vibrating plat-
form, and at various selected frequencies and amplitudes sub-
joctive responses from the threshold of perception to pain were
recorded. Exposure times ranged from 5 to 4U minutes. The

latter threshold was considered as a tolerance limit and the mo-
tions were discontinued beyond this level. Some of the criteria

for the subjective responses were: just perceptible, definitely
perceptible, noticeable, unpleasant, annoying, painful, and
unbearable. It is obvious that these terms are %ade open for
subjective interpretation and are only used to provide a gen-
eral classification of the perceived sensations.

In analysing the results of several Investigation& In
terms of willingness of a subject to tolerate various levels of
vibration exposure, Reference A. 7 shows that the variability
among different studies is very great; the results were aver-
aged and simplified as plotted in Curve a of Firure A-4. In
this figure subjutive roactians indicating tolerance are plotted
as a function of frequency and acceleration.

In considering this data relevant to the ground shock
problem it should be pointed out that Curve a Is a summary of

tolerances for relatively long exposure times (on the order of
S-20 minutes) probably rendering the values of tolerance w -
essa, Uy conservative for the transient exposures of a ground
shock. According to Curve a, the lower level of tolerance for
these relativelN long ewosures is about 0, ZS g. Reference A. ?
points out that larger accelerations can be .Aerated for trans-
lent erposures but does not indicate any precise limit.

From Curve a It is also seen that the average tolerable

limit I s about 0. ft in the low frequency range, then gradually
increases after 30 c.p.s. reaching one g. at about 80 c.p.s.
and sharply increasing after 100 c.p. s.
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A source of information on shorter time-vibration to] -

erance for supported (attached) subjects resulted from the ex-
perimental work reported in Reference A. 8. In these tests
each of 10 male subjects was supported in a seat with a stand-
ard seat belt and shoulder harness and was exposed to an in-
creasing sinusoidal acceleration at sele cted frequencies in the
range from I to 15 c.p. a. At each frequency the amplitude
was increased to the point where the subject immediately
stopped the run because he thought that further increase might
cause bodily harm. This amplitude was considered as a tol-
erance limit. Exposure times ranged from 18 to 208 seconds.

The average results of these tests are presented in
Curve 6 of rimure A-4 which shows the tolerance for each fre-
quency.

It is to be noted from twe curve that the lower level of
tolerance is between!I and 2g. at 3-4 c.p.s. and 7-8 c.p.s.,
and the higher level is 7-8g. at 15 c .p. a - Those levels are
considerably higher than the results of other tests (Reference
A. 9) for similar test support conditions but for somewhat
longer exposures. Tolerance levels oobtained in the tests of
Reference A-9 are shown oai Curve c of Figure A-4. In these
tests 16 male subjects were supported in is chair and %bjected
to a vertical sinusoidal vibration at frequencies from I to
27 c. p. a. At each frequency the acceleration am-plitude was

g radually increased and various response levels recorded until
atolerance level (alarming level) was reached. Thib tolerance

level is plotted as Curve c. Relatively high acceleration sen.
sitivity was Indicated at 1. 4 to 10. and above 20 c.p.a. The
lowest level of 0.15#. occured at one c.pl&L It then lacteased
to 0-8g. at A-3 c.p.s.. decreased to 0.65ig. at 4-8c.p.o
and then gradually Increased to the maximum tolerance of
1.4S. at 17-20 c.p.a. The tolerance then dropped abruptly
to one g. in tho range of 94 to Z7 c. p. a.

A comparison of Curvits a. b. sad c of Figure A-4
Indicates that a bigher acceleration at corresponding frequeon*
cies can be tolerated for shorter exptsure times, although
variations in this data are no doubt partially due to difforences

* in the testing procedure, type of body support, posturea,
subjectiv, responses. definition of tolerances, etc. Curve a,
which averaged vibration tolerance for various body positions



and exposure times from 5 to 20 minutes, resulted in the
lowest acceleration tolerance for corresponding frequencies.
Curve c, foi personnel seated and attached and subjected to
gradually increasing accelerations of shorter exposure times,
indicates higher tolerances. Curve b, which represents a
similar test of exposure times ranging from 18 to 208 seconds
with most exposures less than one minute, resulted in higher
acceleration than Curve c. For even shorter exposure times
in the order of a few seconds or less which would be assoc-
iated with the ground shock, corresponding tolerances ma)
very well increase beyond Curve b in the same manner as
Curve b increased above Curve a. However, this type of ex-
trapolation is not certain. Reference A. 18 points out that
the acceleration forces experienced by personnel in shelters
are of relatively ohurt durations compared with available in-
formation on human tolerances and that these tolerances are
probably conservative for ground shock effects on ersonnel.

Although these tolerance values may be conservative
for personnel subjected to ground shock, the relative toler-
ances for various frequencies probably have some general ap-
plication for shorter exposure times. t is seen that tho body
Is evident;y more sensitive to vibration at particular frequen-

c its. suggesting body-organ and appendage resonance. From
the low frequency range of Curve a (Reference A.?) sensitivity
is indicated below 2 cp. a. and beyond 8 c p. a. Above 30
c. p. a tolerance increases sharply, probably since most of
the body does not respond to the high-frequency motion.
However, the data of Curve a Is not tuo detailed for small-
frequency variations, and the main observation is that tol-
erance increases sharply In the high-frequency range beyond

0 c.p.s Reference A.? also describes results of mecha. -
tcal Impedanct test measurements made to determine criti-
cal body frequencies. it was found, for vertical vibrations,
that below approximately A c . p. a. the body acts as a unit
mass. Resonance peaks were found between . and 6 c. p. a.
for the sitting man and between S and 12 c.p.s. for the stand-
Ing man. Above approximately 0 c. p s. it was found that
vibration amplitudes of the body are smaller than the ampli-
tudes of the exciting table and decreast continually with in-

creasing frequency. rurther stulirs from Reference A.? on
hoth the sitting and standin# subject Indicate that, betwean Z0
and 30 e, ps., the head oxhibits a resonance. Eyebatl

A-A8



resonance has been observed in the frequency range between
60 and 90 c.p.a. For transverse vibrations it has been indi-
cated that resonant frequencies occurred between 1 and 3
c.p.a. and that the response decreases with increasing fro-
quency (Reference A. ?).

It is seen from Curve b (Reference A. 8) that accelera-
tion sensitivity occurred between 3 and 8 c.p. s. and that tol-
erance increased sharply below 3 c.p.s. and above 10 c.p.s.
This is generally consistent with the mechanical impedance
measureme:sts of Reference A. 7. although the data of Curve a
(Refurence A. ?) did not indicate this variation. However, as
previously indicated, the low-frequency range of Curve a ap-
pears to be somewhat smoothed out. Curve c (Reierence A. 9)
also indicated sensitivity between 4 and 10 c.p.s. followed
by an increase in tolerance up to 20 c.p.a. However, a
sensitivity was noted beyond 0 c. p. a. This latter sensitiv-
ity (beyond the frequency range of Curve b) is somewhat con-
sistent with Curve a and with the impedance measurements.
From Curve c it is noted that a sensitivity also occurred at
one c.p.o. which is consistent with Curve a but not with
Curve b.

It appears that critical frequencies may exist at all
frequencies below 10 cpt a dependlbq on the direction of the
vibration and the body posture. Above 10 c.p.a. tolerance
tends to increase and Calls off between Z0 to 30 c.p.a. beyond
which there is a gradual increase although some sensitivity
'may occur at particular ranges. After 80 c. p. a. there is a
sharp increase in tolerance.

Conclusions for vibration tolerances applicable to :zb
ground shock environment are indicated at the end of the dis-
cussion under the "Conclusions" (p5r. a, below),.

c. Impact Tolerance

Effects on personnel subjected to a vibratory-or
oscillating-type motion were discussed tn the last section
under Vibration Tolerances. In contrast to vibratory mo-
tion. impact effects invoiv & suddecdingle-ple-type shock
or motion, such as caused by explosions, explosive com-
pression or decompression, and impacts and blows from rapid
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changes in body velocity or from moving objects. Possible
damage (Reference A.7) includer bone fracture, lung damage,
injury to the inner wall of the intestine, brain dnmage, car-
diac damage, ear damage, tearing or crushing of soft tissues,
etc. Differences in injury patterns arise from differences .n
rates of loading, peak force, duration, localization of
forces, etc.

In the case of personnel subjected to ground shock mo-
tions, impacts would result from structure motions relative
to personnel and from personnel colliding with adjacent ob-
jects or portions of the structure. For example, the struc-
ture motions will be characterized by a sharp downward mo-
tion causing the floor slab to drop from under unattached pcr-
sonnel. Personnel will then fall because of gravity and will
experience impact with the floor slab. If the structure motion
is upward, further impact between the floor slab "nd person-
nel will occur, and personnel may be thrown upward and also
laterally due to horizontal structure motions, thereby result-
ing in a subsequent collision with the structure wall or floor
or with adjacent objects such as furniture.

It is pointed out in Reference A. 10 that, should a hutan
be subjected to impact due to ground shock, etc., it Is likely
that considerable variation in the body area of impact will
occur. In addition, there are many circumstances in which
the decelerative experience may involve glancing contact
with an object; also, a great variation in the shape, weight,
and consistency of the decelerating object or surface may be
involved.

It is felt (Reference A. 11) that the charactea of the 0.-
celerating surface, the argle and area of the body involved ai
impact, the impact velocity, and the decelerating time and
distance are each critical factors. Most hazardous of all
(with certain rai;e exceptions) Is, in all prt' ability, un-
coordinated impact against a very hard surface. As noted in
Reference A. 10, any modification of the time of deceleration
and the distance over which it occurs will markedly Influence
the magnitude of the load and the rate with which it develops.
Such factors are responsible for human survival after sx-
perincing Impact velocitles greater than that expected for
mortality. Frequently, in these cases the surface struck is
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soft ground and the impact area of the body is large - the back,
side, or ventral surface - and these factors modify the rela-
tionships between impacb. velocity and biological effects. This
indicates that any cushioning of the impact, such as by use of
mats on the shelter floor, could considerably reduce the im-
pact effects on personn~el.

Personnel attached to the structure, such as by being
strapped to a seat which is in turn bolted to the floor slab,
will not suffer impact due to separation from the structure and
the subsequent collision. However, :hey will be subjected to
the sudden downward motion of the structure (an accelerative
impact) which will also affect the human body, although this
impact will tond to bit cushioned somewhat by the s traps and
the seat. Uf the seat is sufficiently sbock mounted to reduce
the accelerations and thereby the impact. then the vibratory
response of the support would be the primary consideration.
as discussed in the previous section.

Frrom the studies reported in Reference A. 10, it was
concluded by the authors that one can tentatively take 10
ft. /sc. as "an on-the-average safe" impact velocity for adult
humans &ad regard the probabilities of serious injury and even
fatality for man to increase progressively as the impact vel-
ocity is elevated above this figure. This tolerable velocity is
based on impact with a flat, solid surface and for various
body postures, including impact of the head, impact in the
standing position with kaees locked, and imnpact in the seated
position. It was indicated that a higher impact velocity could
be tolerated for cases where the Impact area of the body was
larger, such as the back, side, or ventral surface, or it the
surface colided with was not hard, such as soft ground. '#
was uIls* pointed out in Reference A. 10 that Impact with a W0
degree sharp corner would be much more sovaro than with a
flat surface. fnly about one-seventh of the iwmct energy to
cause skull fracture due to imp&Att with a fl6t sarface wwold be
required for skull fracture due to impact with a 90dogre
sharp corner . This would correspond to an Impact velocity
of one-third of the value for a fat surface. It would thus be
desirable to avoid Impacts with sharp corsers or bp cushion
the corners and sharp edges ot tables, desks, ae. According
to Referene A. 10. the impact veloc~ty tor the threshold of
mortality would be about 11 ft. /ee This indcates a. rather
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narrow range between io injury and serious injury or death.

In References A. II and A. 12, it was also concluded
that 10 ft. /sec, could be tentatively taken as a safe impact
velocity with a hard flat surface. ''

Reference A. 13 atates that, for a standing person with
locked knees., no fractures can be expected at relative (im-
pact) velocities below I I ft. /ec., and serious damage to the
brain can be expected if relative velocity at contact is 16 ft./
sec. or more. These values (based on drop experiments)
appear to be consistent with data from References A.10. A. I.
and A. U .

A* rueportud in Reference A. 14, men and dummies
were exposed to deck motions on a ship when large explosive
charges were detonated under water. These motins wheje
characterised by a short-duration upward acceleration which
Lan be equated to a sudden velocity change. The duration of
the accelerations was less than 10 masc. This was followed
by a deceleration phase lasting about 50 mocc. In other
words, the risc time to the peak velocity was less than 10
mcc. and the decay to auro velocity took an additional SO
misc. The acceleration phase or rise-time portion of this
velocity pulse would be similar to the acceleration phase of
the sharp downward, ground-shock velocity pulse. However,
the decay of the ground-shock velocity pulse is considerably
longer, in the arder of a second or eueonds. Snme, it op-

pears that the body is primarily sensitive to sudden chtSes
in velocity, this data would be pertinent. This type of shock
velocity would have an effect on the body similar to that
produced by a drop test. In both cases a near inctantaner-ir
velocity chante ;s experienced due to the relatve velocity
betw,n the body ard a flat surface. In the tests of Refer-
vnev A. 14, a stiff-legged sub.ect and . subject seated in a
hard wooden chit r eporenced IS S. (or S - c., (peak vMl-
ocity of 4.0 ft. Isec.) after which the tests were diaeontinued
This does not indicate a toler4ble limit since no physiuloqical
effects were reported except for some discomfort in the
sUff-legged position, A subvct with bent Knees experienced
an acceleration of 10 g. for l moec. (peak velocity of 6
ft. /eee.) without disecomfort. This to also not nec~ssareiM
a tolerable limit, but it does indicate that, in the bont-kne,
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position, humans are capable of tolerating a. higher impact vel-
ocity. This cushioning of the shock in the bent-knee position
is further apparent by the fact that, in the stiff-legged and
seated position, the subjects left the deck at the maximum deck
velocity, whereas in the bent-knee position the subject left
the deck at about 5 to 10 percent of the maximum deck veloc-
ity. From other data described in Reference A. 14, the au-
thors stated that a stiff-legged or a seated man, for which the
maximum velocity is 8 ft. /sec.. will experience a vertical
displacement of about one ft., and in areas in which the deck
velocity is greater, some injuries may occur.

Reference A. 15 reports on studies of personnel inur-
ies resulting from the wartime explosion of a minesweeper.
Injuries were correlated with dock motions. It was found
that. for personnel without advance warnting and in random body
positions, injury due to an initial acceleration of SO g. for
6. 5 meoc. (peak velocity of 11. -5 ft. /sec .) can occur. For
personnel hurled through the air, deck velocities of about
15 ft. /not. resulted in collision -impact Injuries. This latter
value is probably higher because of colliesion with a large im.
pact surface of the body.

Refer.'neseA. 16 and A. 1? describe other data relevant
to impact on ships, Including us* of protective shoes. Ref-
erence A. 16 points out that direct injuries due to movements
are associated with a high initial acceleration for a short
duration, whereas if the same amplitude is reached wnder a
lower acceleration for a longer time, injury will occur due
to the subsequent collision afher being hurled into Whe air.
This is consistent with the References discussed abova. In a
laboratory teet of cadavers(Ateste* A-16), a velocity of
11 ft.!isec. reached in 1.1 msec. caused some fractures to
those without protective shoes and soinjury to thos wfth
protective &hoes. bn addition, it was stated that protective
above and mats will protect standing person. I against direct
imtpact effects for velocities up to 10 ft.- Isec . sowever, the
danger of indited Injury (subhsequent cuollisioni) to still present.

Reference A. 17 describes similar dato eM states that
forces effective is catsilg Impact 40aris are ot very short
durat~o#% (1 1 macc.)I producing extremely high aerelerations
(100SO A.) and peak velocftis of about 12 ft. /see, It was



further shown that protection from these forces may be afford-
ed by protective shoes.

From review of the data pertinin to personnel ex-
pericncing impact due to falls or by other mechanisms caus-
ing sudden velocity changes, it appears that the impact veloc-
ity can be taken as the significant injury parameter. Although
various combinations of acceleration and duration (or deceler-
ation and duration for collision) have been imposed on person-
nel. in genernl no injuries are reported until an impact -el-
ocity change greater than about 11 ft./sec. occurred. Of
course, the time duratiun. (Utom fur p"ak velocity change).are
all extremely short, i.e., generally in the range of 10 meec.
or less. For longer time durations, consideration of an im-

pact tolerance in terms of the same peak velocity change may
be conservative. This is apparent by considering the use of a
mat or protective shoes which increase the stoppirl time and
thereby pormit a higher tolerablu velocity change. Thus, for
oxtromely short time durations a tolerance may be considered
in terms of an approximately constant peak-velocity change.
and for rela4tively longer time durations the tolerable velocity
would increase as the tme increases. This phenomenon is

due to the fact that. as the stopping time becomes s mall, the
acceleration response of the body reaches a peak (because of
the body flexibility) and shorter times and higher accelera-
tions are no mor severe than the most critical impact case
of the body colliding with a rigid surface. For these short
accelerwion durations, injury Is related to the kinetic energy
which must be absorbed by the body.

This chi,-ract'ristic o the body is In-
dicated in Reference A. 19 which states that subjecis strap|, '

to a seot experienced a trapesoidal acceleration pulse. f'ot
the trapesoidal pulses of xtrvmely short durations (in the
range of 10 mee. or less), te Freas Uf the pulses were of
the same order of manitde, indltinS that .e tolerance
could be approximately rolat& to & peak impact velocity,
Hovv t, for the Iwiger duration pulses the arean of the
pm*ui' inerea",d which COrrespondV to at in#trVse of the
tolerable velotty.

The etfect o horltontat wwtonoe on the thrawing of
peroo4el off balanaie or htrlint them laterally would dvpend
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on the body stance and position. the acceleration intensity,
duration, and rate of onset (jolt) of acceleration. As des-
cribed Irs Section A-2, the ground shock motion wouid be
characterized by a sharp, single, lateral peak acceleration
followed by lower amplitude disturbances. The duration of
the sharp peak pulse is a small fraction of a second. If the

floor slab or supports for the personnel are shock moated,
this peak acceleration will be attenuated, and a lower fre-
quency vibratory acceleration r-sponse will result. Refer-

ence A. 7 presents short-time acceleration loads associated
with public transportation and automobiles. Although the
effect of these accelerations on throwing personnel off balance
is not discussed, it is psstile to derive certain conclusions
from the values given. For public transit the normal accel-
eration and deceleration is 0. 1 to 0.Z S. for 5 second&,
Since these are considered for normal c€nditions, it Is rea-
sonable to conclude that personnel will not be thrown off bal-
ance. For emergency-stop braking from 70 m.p.h., the de-
celeratiot is 0.4 V for Z. S seconds. lt is reasonable to as-
sume that this type of sudden stop would thiow staiding per-
sonnel off balance and perhaps throw seated personnel forward
off their seato. For automobile stops a decoleration ot 0.ZS M.
for 5 to 8 seconds to considered a comfort~ble stop, and a de-
celeration of 0.45 0. fur J to S seconds is considered very
undetrevab'e

From this data on hortsontna accelerations It appears
that personnel could probably sustain about 0. A g. without be-
ing thruwn off balance, and at values of 0.4 8. they would
most likely be thrown off balance.. - Fcr values lying between
0.1 and 0.4 g. the etance of personnel and the jolt associated
with tho acceleration are probably spUiceat factors. T'-
grom.4 shock acceleration required to 'hrow persovmAl otf
balance may be groster becaue of the shortened duration and
associated jolt of the acceleratons, Also. the structure
may accolerate downward from under personnel before the
personnel can respond to the horleouta structure motions.
A 1,1rlbie horiaoa"I accoleration of 0. g 9 s $i recommend-
ed (Reference A. 10) for ground s ock protection of standing
personnel as described below.

d. Additional bakOrmalln "

I-i



The vibration and impact tolerance data presented in
the above sections and summarized in Section A-4. Z were
discussed with pertinent agencies with regard to Pstablishing
criteria for personnel shock tolerances for the ground shock
environment. Tentative conclusions and recommendations bad
been made which served as a basis for discussion at the
meetings.

The recommended impact velocity of 10 ft. /sec. was
discussed at the meeting with the Lovelace Foundation %Sec-
tion B-4). This velccity is considered an "on-the-average"
safe tolerable vatue for total-body as wcll as skull impact
with a hard flat surface. For impact with sharp corners,
the tolerable impact velocity would be considerably less.
Since the horiaontal motions Pi combination with the vertical
motions would probably throw. personnel off balance, it Is
possible that an uncocrdinated type of impact wc ild occur and
iome injuries may result for persons of certain age groups,
for persons colliding in an awkward position, and where a
person falls backwards and experiences impact with the back
of the hed. In the latter case. an impact velocity greater
than W0 ft. /sec. may be unavoidable. For Impact velocities
greater than 10 ft. /sec. and for added safety at 10 ft. /sec.,
a ctshoning material should be provided. Bracing, such as
hi.idrail, could be used to prevent personnel from being
thrown oti balance. It is also pointed out (Section 5-4) that
strapping a person to a chair could Introduce additional
basatrds due to the vibration loading and the Interaction be-
twen the body and chair.

As discuseced during the meeting at the Air ftrce Spec-
ial Weapons Center (Section b-5) and presented in Rfer. A
A, 0. the toleran4ces :icuumrended are 1. ?S it. for seated
personnel and 0. ?S S. vertical, and 0. SO S. borisonal for
standing personnel. These valuts are based on the considera-
tion that separation of the floor sltb with . ipect i personnel
would result in injury. Therefore, the possibility that impact
between personnel and the structure could be tolerable is not
considered. As Oscusted in Section 8-. if separation af
personnel with retpect to the structure is permitted in civil
defense "oerso cushioning material should be provided, etwi

for seated persnel. seat bilt* should be provided.
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As discussed during the meeting at the Defense Atom-

ic Support Agency (Section B-6), personnel protection could
best be achie wed by providing protective padding or by use of
frangible-type material to absorb the impact energy.

It was pointed out during the meeting at the Naval
Research Laboratory (Section B-7) that, with regard to per-
sonnel ground-shock effects, the high accelerations assoc-
iated with the high-frequency range of the spectra would not
be critical as a direct effect since personnel will not respond
to these high-frequency components. Consideration of a
sudden velocity change would be more appropriate for evaluat-
ing personnel effects. Naval shipboard data have indicated
tolerances for impact velocities up to approximately 10 ft. /
sec. for particular body postures and areas of impact. Per-
sonnel are believed to be sufficiently rugged to survive ex-
pected motions without appreciable injury. However, person-
nel should be either strapped into chairs or be provided with
hard holds, or else cushioning should be provided on adjacent
objects with which personnel could collide. In general, it
is advisable to use cushioning material to pad all potential
hard impart surfaces so as to provide the most reliable pro-
tection. Loose items, such as furniture, etc., should be
attached to the structure.

At the meeting at the Naval Medical Research Lab-
oratory (Section B-8), recommended vibration tolerances
were discussed with the following values arrived at for sug-
gested criteria: 2 g. for less than 10 c.p. s. 5 S. for 10-20
c.p.s.; 7 g. for 20 to 40 c.p.s.; and 10 g. above 40 c.p.s.
Although these vibration tolerances are based on test data
for longer duration exposure than that which would result
from structui'u motion, .agued by ground shoc:k, it is coasid-
ered that tolerances for %hortor durations may not necessar-
ily be significantly higher. Therefore, the above values
shall be adopted for this study, In addition, the available
test data for seated personnel are for personnel tested in
special protective suats. The Impact velocity of 10 ft. Ise.
with a hard flat surface is considered to be generally safe.
If the body were in a flexible position or the area of impact
were large, higher impact velocities :auld be tolerated. Im-
pact with sharp corners should be avoided or the corners
should be padded. A possible hazard is falling over backwards
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and striking the back of the head in which case injury might
result even if there were no structure motions, although it is

noted that in most cases such a fall would be cushioned by
striking the back or arms first. To provide protection
against this type of injury, padding is advisable.

As discussed during the meetings (Sections B-4, B-5,
B-6, and B-7), no known personnel shock tests have been

conducted specifically for the ground shock problem although
this type of testing to presently being considered.

e. Conclusions

Based on review of the data discussed in the previous
sections and summarixed in Section A-4. 2, the conclusions
presented below constitute recommended basic criteria for
establishing personnel shock tolerances. Specific application
of this criteria with regard to thio study is presented in Chap-
ter LU.

For personnel strapped to chairs or cots which are
shock isolated, the tolerable peak acceleration amplitudes as a
function of the frequkency of the vibration are as follows. The
values pertain to both the vertical Ad horisonatal directions
and are presumed not to result in Injury for most people sub-
jtcted to such vibration* fer t-9 expected time durations.

Frequency Tqterable Acceleration
lot's than 10 -C.p-s 2
10 to Z0 c'.p's.g
20 to 40 c.p.s. 7gp.
above 40 cpa. 10 g.

itote that for the higher trqqi~vyicy ragfe given abovve
thi tolerant** may be tunduly ~os~avand considontion
of an impact or stidden veo-1.tty change may b- Mtoe appi ic -
able rince thea high fratiuency vibrationa wuiuld actually be ap-
proscimailng the grovii motions of then strutur ThIs tuotion
is cbracivrirrd lOy a Y00city pulse which rvoch&'a the peak
velocity due to a praduntiwt tA-44l pvtk pulse of accolor.-
tion, followed by high- Irequirocy lowvr amplitudo distuab-
Ancis (Section A-4). Coaskdevaton of shiock soloratice trom
this stardpoint can bte ratid v) imt*4:t tolarance data wnir
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is probably less conservative than the available vibration tol-
erance data with regard to the ground shock environment. Of

course, the high-frequency (high g.) accelerations may still
be present, but it has been indicated that humans would not
respond to the peak acceleration amplitudes at high frequen.
cies, and physiological effects can be conveniently related to

the velocity change regardless of the associated acceleration.

For impact with a hard, flat surface in random body

positions with no special protective devices, the tolerable
impact velocity (relative velocity between personnel and the
surface at impact) which would not result in injury for most

people experiencing collisions Is to be taken as 10 ft. /sec.

For personnel thrown off balance and subjected to an
uncoordinated type of impact with a flat, hard surface, it is
expected that some persons may experience injui y, although,
in general, this type of fall will be cushioned by the arms
and hands and the large area of impact. Possible injuries
can be greatly reduced by providing protective padding.

For impact with a cushioned, flat surface, where mats
or protective clothing, e c., are provided, the tolerable
values will be considerably higher depending on the cushion-
ing provided. Maximum impact velocities In tho range of
IS to 20 ft./sec. could probably be tolerated with proper
protection.

For impact with a sharp corner or edge. cushloning
must be provided.

For protection of standing personnel, current critel-

(Reference A. Z0) recommends 0. 5 g. as a tolerable horizontal
acceleration and 0.?S . as the tolerable vertical accelera-
tion.

A-4, I Sunmaries of Inormation

Oa0ined from efernceS

* a. s gmary of Reference A.?

This report presents a comprehelsive study on the

I I I~~~ - 1



biological effects of shock and vibration and deals with three
basic problems: the structure and properties of the human body
as a mechanical and biological system, the effects of shock
and vibration of this system, and the protection required by
the system under various exposure conditions. Numerous
data on tolerance criteria for various exposure conditions are

presented. Although most of the data is not related directly
to the ground shock problem, that which is felt pertinent has
beet. singled out for attention and summarized or indicated
below.

Vibration Effects

Biological &) stems may be influenced by vibration of
sufficient amplitudes at all frequencies. This report, how-
ever, is concerned primarily with the frequency range from
" c.p-s. to 100 c.p.a. although studios at higher :requen-
cies are very useful tot dJt attlyvis of tissue characteristics.

This report explains that structurally, the human body
consists of a hard, bory skeletun whose pieces are held to-
gethar by tough, fibrous ligaments and which is embedded in
a highly organized mass of cotinective tissue and muscle. The
soft visceral organs are contained within the rib cage and the
abdominal cavity. The combined use of soft tissue and bon*
in the structure of the body, together with the body's geomet-
ric dimensions, results in a system which exhibits roughly
three different types of response to vibratory energy depend-
ing upon the frequotncy rang#. At very low frequentsa., be-
low approximately 100 c.p.s., the body can be described for
most purposes as a Ismped pareometer system. Resonances
are observed which can be attributed to the interaction of
tissue .- iasses with purely elastic structurts. For higher
frequencies, through the audio range and up to 100 k.c.p.a.,
the wave propagation of vibratory energy beuomes more and
more important, but the type o1 wave propaga.ion (shear
waves, surface waves, or compression waves) is strongly
influenced by boundories and geometrical configurations.
Above 100 kbc ps. ard up to M.C.p.s. range, compres-
sion waves predominate and are propag3ated in # buam-like
manner. Thia viewpoint permits not only a phenomenologi-
cat description of the body's mechanical properties but also
forms the basis for attempts to vxjtatu the behavior of ties,#
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in terms of microscopic tissue and cell-structure.

The mechanical impedance of a man standing or sitting
on a vertical vibrating platform has been investigated. It
was found that below approximately 2 c. p. . the body acts as a
unit mass. Resonance peaks were found between 4 and 6
c.p.,a for the sitting man and between 5 and 12 c.p.a. for the
standin &an. Above approximately 10 c.p.a. it was found
that vibration amplitudes of the body are smaller than the am-
plitudes of the exciting table and decrease c:ontinually with in-
creasing frequency. Of course, lapedances an4 transmission
factors are changed considerably by individual differences in
the body and its posture as wcll as support by a seat or back
rest for a sitting subject or by the state of the knee or angle
joints of a standing s,,bjeCtL The resonance frequencies, how-
ever, remain relatively constant. Transmission factors as
high as 4 have been observed in the frequency re,%ge below
10 c.p.S.

Further studies on both the sitting and standing subject
indicate that between 20 and 30 c.p. s the h*ad exhibits a
resonance with a transmission factor between head and shoul-
der of about 3. Eyeball resonance has been observed in the
frequency range between 60 and 90 c.p.a.

The impedance of the human body lying on its back on a
rigid surfce and vibrating in the direction of Its longitudird
axis has been determined by ballistocardiograph studies. It
was found that the total mass of the body forms a simple,
spring-mass system which Is in resonance between 3 and
3., c.p. a. with a transmission factor between body and slab
of about 3.

The physical response to transverse %ibration is quite
different from that described above for vertical vibration- in-
stead of thrust forces acting primarily alon, the Ito* of action

, of the torcea f gravity on thw human body, they act at right
angles to this line. The distribution of the body masses along
this line is therefore of the utmost lmportance.

* Impedance measurpments for transverse vibration ate
not available. The results of trosmissc'o studies Indicita
that, for both the sitting and standing subject, resonant
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frequencies are between I and 3 c.p.s. and that the response
decreases with increasing frequency.

Although impedance measurements tend to indicate
critical frequency ranges, this is not true in every case as
observed during the vibration tests.

Many methods have been developed to assess man's
tolerance to vibration in a quantitative r.tanner, but most of
these are based on a limited number, specific types, or a
specific interpretation of experiments and contradict each
other to a certain, degree. These results have been averaged
and simplified as given in Curve a of Figure A-4 described in
the discussion. The tolerance limit. which represents an
average for man In the standing. sitting, and lying positions
without any protection and exposure times of 6. to 20 minutes,
is plotted as a function of acceleration anii frequency.

Data of the type (Reference A4 ) for short exposures of
le ss than one minute for the frequency range I to 1S c. p. a.
are also discussed in this report. Subjects were strapped in
a seat and exposed to steadily increasing vertical vibration
amplitude until they could no long,-r tolerate it. They were
then asked for their reactions and what their specific. reason
was for asking to be released. No single criterion for toler-
ance was found-although some reactions were more common
than others. The estimated limits of tolerance according to
these criteria art shown o" Curve b In Figure A-4 and repro-
sent the border line beyond which physical tissue damage oc -
curs in a relatively short time.

Although Curve b Is for subjects supported in their
seats, it do@*s Indicate that man's tolerance to vibratory at.
celoration Increases as the exposure time decreases. For
exposures " the order of seconds, such as encountered in a
ground shock. environment, Curve b is prob 'ly & lower
bound to manst tolerance to the envi ronment, if he is strapped
down in a seat attached to the floor slab and isolated so that0
he does not receive the initial jolt of the impact. In view of
the lack o. short-duration data, the use of Curve a to assess
ua's tolerance to transient vibrations when he is not sup-

ported or strapped down may be overly conservative.- From
Curve a it ts seen that the tolerable limit is about C 3g. which
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gradually increases after about 30 c .p. a. reaching one g. at

about 80 c -p. s. and sharply increasing after 100 c. p.u.

Impact Effects

As opposed to vibratory effects the author$ consider
mechanical shock effects on personnel, such as those caused
by explosions, explosive compression or decompression. and
impacts and blows from rapid changes in body velocity or
from moving objects. Possible damage includes bone frac-
ture, lung damage, injury to the inner wall of the intestine,
brain injury, vi~rdiac damage, eat damage, tearing or
crushing of soft tissues, etc. Differences in injury patterns
&rise from differences in rates of loading, peak force, dura-
tion, localization of forces, etc. This report refers to im-
pact tolerance data developed by other researchers.- Some of
thee* data are presented in the following sectionr of the ap-
pendix.

This report slso presents approximate duration and
magnitude of short-duration acceleration loads which may
give some indication of horizontal acceleration values required
to throw personnel off balance. For public transit, normal
acceleration and Jeceleration is 0. 1 to 0. 1g. for5seeconds.
For emergency-stop braking from 70 m.p.h.. the decelera-
tion is 0. 4 g. for A.$ seconds. For a comfortable stop in an
automobile, the deceleration is 0.3 g.S for S to 6 @econds;
for a very undecirable stop, the deceleration to 0.45 S. for
3 to 9 seconds.

b. Summary of R'tference AS

Short time* human tolerance criteria tar sinusoiodl
vP~rat ion from I to 14 c. p.sa. were determined using 10
healthy male subjects weighing from 134 to 110 tbs. , and
ranging from SI ft. 7 in. to 6 ft. 3 In. in might. Each sub.

* Ject was supported In a seat using a standard seat belt and
harness, and at each frequency the amplitude was Increased
at a constant rate from zero to the point where the subject
stpe the run because he thought that further Increase might

* cause bodily harm.

The purpose of the tests was to find the short -virme
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vibration limit of subjective voluntary tolerance and to define
this tolerance. Tolerance was defined as the degree of stress
human subjects are willing to undergo without noticeable in-
jury.

The lower levels of tolerance were found to lie between
1 and 2g. at 3-4 c.p.a. and 7-8 c.p.s. The haghesttoler-
ance level of 7-6 g. was found at 15 c.p. a. Subjective toler-
ance limits were caused by one or more of seven specific
sensations or sympto ms mainly: abdominal pain, chest pain.
testicular pain, head symptoms, dyspnea, anxiety, and gen-
eral discomfort. Physiological observations during vibra-
tion exposure were also made.

Exposure times ranged from 18 to 208 seconds. How-
ever, these do not represent exposure at the tolerable value
since there was a buildup to the peak acceleratic n amplitude.
It is possible that shorter exposures of the same amplitude
may be just as severe. Curve b of Figure A-4 described in
the discussion illustrates some of the data recorded in these
tests.

c. Summary of Reference A. 9

Each of 16 selected male subjects were supported in a
chair and subjected to a vertical, sinusoidal vibration at se-
lected frequencies in the range from 1 to .7 c.p.e. The ex-
posure time appears to be In the order of mint-tee.

Vibration levels were established in terms of four
levels defined as definitely perceptible, mildly annoying, ex-
tremely annoying. and alarming as acceleration increaset;
slowly for each selected frequency at a coostant rate. The
alarming level was considered as a tolerance limit and the
run was discontinued.

Relatively high acceleration sensitivity was indicated
at 1, 4 to 10, and above Z0 c. p.s. The lowest level of
tolerance (0.15g.) occurred at one c.p.s., then increased
to 0.8g. at -3 c.p.s. after which it then decreased to
0.65g. at 4-8 c.p.s. and then gradually increased to the
maximum tolerance of 1.4t. at 17-20 c.p.s. ran&e. T'he
tolerance than dropped abruptly to one g. in the rang# of 4
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to 27 c.p.s. Some of these data areplotted in Figure A-4 which
is described in the discussion. At each frequency the am-
plitude was increased at a constant rate until the tolerance
limit was reached. It was found that the body is evidently
nare sensitive to vibration at selected frequencies, suggest-

ing body organ and appendage resonance.

d. Summary of Reference A. 10

This report describes the results of impact tests on
animals and discusses data from literature relevant to hu-
mans. Tertiary effects encompass injuries that occur as a
consequence of actual displacement uf a biological target by
winds that accompany the propagation of the pressure pulse.
It is also stated that, although damage may ensue during the
accelerative phase of movement because of differential vel-
ocities imparted to various portions of the body, trauma is
likely to be more prevalent and severe during deceleration,
particularly If impact with a hard surface occurs. Although
the ground shock environment differs in that motions imparted
to personnel are not caused by direct wind forces, the latter
effect of deceleration impact would be similar to that which
could occur during ground shock motion&.

It to pointed out that proper assessment of the tertiary
blast haard requires knowledge in at least two areas, namely.
(a) information concerning velocities attained by objects hav-
ing the else and shape of man and (b) man' a tolerance to im-
p.ct as a function of striking velocity. In the case of ground
shock, the former could be established on the basis of the
structure motions, and the latter would be similar to that in-
vestigated in this report.

In the tests described, the various animals were sub-
jected to impict velocities ranging between ZS fL /sec. and
51 ft. /sec. in order to establish mortali,. -impact velocity

* levels. The desired velocities were generated by allowing
the anlas to free-fall from various heights to a flat con-
crete pad. The ventral surface of each animal was the area
of impact. Extrapolation of the data to a 70 kg. animal
was made to predict lethal velocity levels for an animal of
human else. Bated on this data, the predicted threshold
condition for lethality is It ft. /sec., and the impact velocity
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for 50 -percent mortality would be 26 ft. /sec. This applies
to young adult animals subject to impact with a solid flat sur-
face in the prone position.

It is pointed out that, should a human be subjected to
impact, such as that due to ground shock, etc. , it isa likely
that considerable variation in the body area of impact will oc-
cur. Also, there are many circumstances in which a decel-
erative experience may involve glancing contact with an oh'.
ject; in addition, a great variation in the shape, weight, and
consistency of the decelavating object or surface may be In-
volved. Any modification of the time of deceleration and the
distance over which it occurs will markedly influence the
niagni tud e of the g. Iload and the rate with which i t deve'ops.
Stich factors are responsible for human survival after exper-
iencing impact velocities greater than that expected for mor-
tality. Frequently in these cases, the surface struck is soft
ground. and the impact area of the body it large - the back,
side, or ventral surface - and these factors modify the re-
lationship a between impact velocity and biological effect.
However, the authors are concerned with human impact, on a,
flat. solid surface, and the stopping distances are %:ontroilod
only by the tissues of the body, Ih this regard the authors re-
viewed other literature Involving humans as summarized be-
low. It is pointed out that one would like to know the roe-
tionship between impact velocity and mortality. the threshold
of mortality. and the threshold for tolerable trauma. all ao
functions of the different areas of the body that may come, int
violent contact with hard surfaces.

1. Thu mnimumn Impact velocity for skull fracture
was near 13. 5 ft. /sec. which corresponds to an imtpaCt en.
orgy of 400 In. -lbs, However, for Impact with * 90-degreeo
sharp &orner. it may require only 60 In. -lbs. of energy to
produce skull fracture. These valuts pertain, only tW the boad
striking a surface withcout the head absorbing .3Y energy. due
to motion of the remainder oft the body and not to the ese
of an Individual travelling horisontally and undsrgoing k
head-o4n impact. The autbom conclude that an impact V*I-
ocity with at hard, hat surface of 13 It. /sec. should pr~ove it.

be an acceptable impact velocity for lb. bead af a4dt h*a.

1. The "initial velocity" thrushod4 for fratbrt of this
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heel bone of standing subjects (knees locked) was between 11
and 16 ft. /sec. The maximum impact velocity tolerated by
human subjects, dropped in a seated position, was reported to
be about 10 ft. /sec.

3. Human fatalities in automobile statistics showed 50
percent mortality at vehicular speeds near 33. 8 ft. /sec. which
is in fair agreement with the 50 percent impact velocity (26
ft. /sec.) obtained in the study as extrapolated from animal
tests.

Based on the data discussed in the report, the authors
conclude that one can tentatively take 10 ft. sec. as 'an-on-
the-average safe' impact velocity for adult humans and regard
the probabilities of serious injury and even fatality for man to
increase progressively as the impact velocity Is elevated
above this figure.

e. Sht..ar f Reference A. II

This report represents a selective summary of the cur-
rent status of knowledge regardaig biological effects of blast
Prmasy, secondary, and tertiary effects are defined. For
the latter effect, which is of primary concern in a ground-
shock environment. the following conclusions were made:

%It 1i possible to regard the figure of 11 ft. sehi. as
safe and to believe tentatively at least, that human injury

may occur at velocities much above thie that mortality may.
on the average become significantly frequent for luncoordin-
atedo Impact at veocities between 15 and 20 ft. /sec., fairly
common between 20 and 1O ft. leee, ad near 130 percewt
fatl between S0 and 40 ft,/ee., prtivtding impact occurs
with a hard surface where stoppinS distance to quite small and
the stopping ime Is almost Insiantaneious.

These concluslons were based on the data described in
the earlier report of. Reference A. 104 It wa,4 a~ie pointed out
tn this report that , "though an animal or man bodily hurled
through the ir may be damaged because of differential die-
placement of dtftrent portione of the body during the generad
process of acceterasion itIs known that the de'elMAtvP ex-
perience Uf stopping tan be fta Onorwe danser se, It ts clear
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that the character of the decelerating surface, the angle and

area of the body involved at impact, the impact velocity, and
the decelerating time and distance are each critical factors.
Most hasardnus of all (with certain rare exceptions) is, In all
probability, uncoordinated impact against a very hard surface."

f. Summary of Reference A. 12

This report Is concerned with primary blast effects
caused by variations in environmental pressure, secondary
blast injuries which follow the impact of penetrating and un-
penetrating missiles energised by blast winds, and tertiary
blast effects as a consequence of physical displacement of a
biological target. Tertiary effects are of concern In the
shock Isolation prblem. As tentative criteria, displace-
ments involving velocities of 13 ft. /sec. due to decelerative
impact for a 150-lb, man were considered low eno xgh to
avoid significant numbers of serious head and skeletal injuries.
It i, seen that the tolerance of 10 ft. /ec., an recommended
in the later reportb of References A. 10 and A. I I. was a'so
considered in this earlier report.

S. bm"U_?t Ref.rence A. Q

Human injury induced by motion to a complex pbesi-
omenot, depending upon attitude of the person (. e., sitting.
standing, lying down) and the direction and character of mo-
tion. For example. in the case of a standilng person with a
locked knee, if the ground motion is initially upward. the heat
bone may be broken if the initial relative velocity of toot and
supporting surface i greater than IS ft. /sec. N fractures
can be expected at relative velocities below I1 ft. /oe. Th,.
estimates are based on drop experiments on living perso'ts

If the ground motions are initially downward at accel-
erations in excess of one g, separaton ensu 0 and the rela-
tive motion of the person and the moving support must be
studied as a funcuon of timo.

Drop experiments on skull* from cadavers indicate
that skull fracture can be expected if relative velocity at con-
act of sol to a hrd surface, such as concrete, is 1I ft. I

see. or moe, and serious damagie t the brain cau be
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expected if relative velocity at contact is 1 ft. /sec. or more.

The above statements were made regarding shock in-
jury c iLteria for personnel in hardened protective structures.

h. Summary of Reference A. 14

Men and dummies were exposed to deck motions on the
USS fttlarn (DD 474) when large explosive charges were de-
tonated under water. The center of gravity displacements
were measured when the subjects were seated, standing stiff
legged, or standing with knees bent. A comparison of the
motions of the men and dummies is made. and the relation of
the response to the deck motion is examined. Only motions
In the vertical direction are considered. In the report the
following general conclusions were made with regard to the
relationship between vertical shock and shipboarl Injury:

I. The stilff-legged subject is most vulnerable to the
acceleration end deceleration phanes of the ship shock mo-
tions. There were Indications of some discomfort for this
stance at an acceleration as low as Is g. sustained for I
meec. (peak velocity of 4. 0 ft. /eec.) at which time the tests
for this poeition were discontinued. The kickoff velocity was
equal to that of the maximum deck velocity.

A. A subject seated in a bard wooden chair might be
somewhat loes vulnerable to direct shock than the stiff-
legged subject. No discomfort was experienced by the seated
man exposed to IS g. for I insec. (peek velocity of 4. 0 IL
sec. ) at which time he toots for this position were discom-
tined. The kickoff velocity is about equal to tbia of the m--
Imum deck velocity as for the stiff-legged stance. Ut Is
probable that the shock was attemated by the chair itself.

). A man standing with bent knees seems capable of
toleruati a considerably larger acceleration than do subjects
tn either af the other two posiltionas; specifically, no discom-
fort was experienced doirift an exposure of over 30 8. for 8
meec. (peak velocity of I ft. A". ). The man's center of

Sgravity aMine a velocity of about S to 10 percent of the
* maninmm deck velocity.
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4. During an underwater explosion, a stiff-legged
man or a seated man at a deck position for which the maxi-
mum velocity is about 8 ft. /sec. will experience a vertical
displacement of about I ft. In areas in which the deck veloc-
ity is greater, acme injuries may occur.

S. The particular type of dummy used in the tests
simulated the center of gravity motions of a stiff-lened man
and. possibly, of a seated man. In its present form, the
dumm-' does not simulate the motions of a man standing with
bent knees.

The duration of the accelerations which corresponds
to the rise tim. tn the peak velocity may be of the order of
magnitude occurring during ground shock. However. in the
case of deck motion, the deceleration phase Is ini te order of
50 msec, whereas in the case of ground shock th. se durations
are considerably longer, in the order of a second or seconds.
The significance uf those differences are presented in the dis-
cussion section.

Data from other researchers were also included in
this report. Men with bent knees on the deck of ghe YMS
319 were subjected to accelerations as high as 95 g. for 3. 8
msec. (peak velocity of 11. 5 ft. /ec. ) without injury. In
drop tosts, a siff-leged man experienced as much as &S g.
for 4 maec. (impact velocity of S. 4 It. Isec.) without Injury.

nd a man with bent knees was suhjected to 220 g. for 3
msec. (peak velocity of 21 ft. /sc. ) without injury. A seated
mn wS exposed to as mch as 95 '. for 3 moc. (peak vel-

ocity of 1. 2 ft. sec.) without ijury, "aluouh ghers claim
that this is in I injury region".

I. ftnuv of Reference A.15

Persoet injuries resulting from tht wartime esplos-
Ioe of a woode-bui minesweeper, YMS 14, are correlated
with estimated deck motoa&

The osltiose of the persomel at th time of the ex-
plosio were summarlsed froa qustieeeaale Wrmes the eO
teat of the injuries was aken frm medical reerds The
Attack geometry was estmated from docmmat Aeserlhln
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the damage to the hull and equipment of the inesweeper, and
the deck motions were deduced from the attack geometry.
The foliowing colciusiofls were made:

1. Direct or primary iaijury due to the iaiitial accel-
eration phase of. deck mnotion,_can occur among unprepared
standing personnel when the deck-. acceleratioas are about

*50 g.for about 3. 5 msec.' (peak velocity of 11. 5 ft. /sec..

2. Secondary or collision impact injuries wssociate~l
with the deceleration phaje tof ship motion can occ-ar. among
unprepared personnal wheax the deck velocities are about

* '1 ft. /se c.

It is explained that there are two maior phaseti to
deck-velocity curves. The first is the initial sharp rise to
the peak velocity Indicating the acceleration pha.,e. After
the peak is reached, the velocity tends to decreae; 1. S..

there is deceleration. The duration of the deceleration
phase varies. During the acceleration phase a man Is vulner-
able to injuries to interiial organs and bones, especially if
he is standing stiff-legged or is seatod. Previous research-
ers have aueeptel an important parameters for this type of
injury, the duration and intensity of Initial acceleration ex-
pressed as a stop pulse.

During the deceleration phase men can learn the deck
in free flight which may end in collision injury, mostly to
the head or upper body region. Such injuries have also been
reported by others. At this point it is appropriate to defins
injury as it pertains to thls study. The a-main concern here
Is to establish cr'iteria permitting predictions of ship capt-
biliti impairment due to lose of perd-iinal. From this point
of view, an injury can tbe defined as a mechanically pr..duc'sd
traume, which results in the suspension of a inans capability
for effective perfarmance of his assigned duties.

It wasn !ound that only two subjects were injured by tho
dlre%.t Impact acctlieration. These men were standing on one
leg and nufferad brokeni hoel or ankk. bones. Indications

£ are, frum these data, that a level of 50 g, sustained for
* 6. S msec. can cause primary injury.
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The remaining injuries were of a secondary nature,

probably caused by collision impact. It has been shown that
men standing stiff-legged and men in a seated position on an
uncushioned chair will leave the deck during the deceleration
phase with a velocity which is roughly that of the peak deck
velocity.

It should be noted that these injury levels are assoc-
iated with a ship where there was no advance warning of im-
minent attack. As a result, men were in random positions,
that is. lounging, relaxed, or attending to various duties.
In no cases vas a man tense. crouching. or holding on to a
stable stracture for balance as he might have been if advance
warning had bean received,

j. 3wlnnarLuf_ Reference A. 16

This report discusses available information regarding
solid blast injuries that are typica' as a result of deck heave.

I. . . shipboard exnsions.

It is *alaed that the moviment of ship's structures may
be ctvidud into two typat as related to personnel injuries:

1, A moveuent of considerable amplitude having a
high iatfial acceleration f')r a short distance and capable of
causing both dixect Injuries. such as frclures of the lower
extremities, and indirect injuries, sbuch as in 2.

1. A lower acceleration for a greater distance reach-

In& a commensurata amplitude as in I. and causing only in-
direct Injuries by displacing bodies. thus causing bodily In-
juries 'pon impact with other ubjects.

The ph*%vmfnon described in (i) to eisentially a te-
ver* jclt tn relation to the human system whereas that in (2),
which Involves slovwer initial body movements. Is often re.

leered to as a "'whipping action", althouSh any indirect Injur- .

te* snay be he result of severe jolts.

It was concluded that the forces which prodkce direct
solid blast'injurioes are of very short duraUon (I to I mscc)
producing streasoo oxcoedl g the strangth of booes and tissues.
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* In a laboratory test of cadavers, a velocity of 12 ft. /
sec. was reached in 1. 3 msec. without protective shoes caus-
ing fractures of som1 -e cadavers while those with protective
shoes rev:eived no injury.

Live personnel vere subjected to an impact of Z. 6 ft. I
sec. in normal standing position with regulation shoes and to
5 ft. /sec. while standing on their toes. Although these levels
were not necessarily the threshold of injury, the tests were not
carried beyond these velocities as a safety precaution.

The report presents results of a study of solid blast
with regard to protective shoes and mats as summarized be-
low:

1. Protective shoes and mats will protect standing
personnel against direct solid blast up to a chec:. velocity of
20 f. p. a. However, the danger of indirect injury is still pro-
sent.

2. Human volunteers with and without anti-blast shoes
and mats, were used in the tests on wooden-hull vessels. Un.
derwater explosions occurred in the vicinity of the vessel.

3. The volunteers were standing on an open deck and
therefore not subject to indirect affects), &,nd damage which
wouk1have occurred to personnel in other than the standing
position cannot be deduced from the results

4. Few quantitAtive results. The volunteers on the

mats felt less shock thav did the control volunteers,

k. S.wmary of Reference A. 17

Cadave r s were supported i a standing position on a
steel platform and exposed to an impact produced by a steel

* hammer striking the platform from below. The tests were
d esignod to simulate the movement of ship structures when
s ubjected to solid blast effects, to study the mechanism of
personnel injury, and to evaluate protective devices.

* It is shown that the forces effective in producing solid-
blast injuries are of very short duration (1-2 meoe.) producing
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extremely high acceleratiors (ZOO -800 g. peak velocities of
about 12 ft. /sec., and displacements of less than 2 inches. It
is further shown that protection against these forces may be
afforded by devices which lower to a point within the limits of
tissue tolerance, the average and peak accelerations of the
part of the body subiected to solid blast.

No conclusions or tentative recommendations are give.
for man's tolerance to this type of jolt, although the stated
impact velocity of 12 f. /sec. necessary to produce injuries
is consistent with observations by other authors. With pro-
tective shoes, however, a velocity of 12 ft. /sec. seems to be
tolerable without causing injury.

1. Summary of Reference A. 18

This paper discusses the acceleration forces, produced
by both the ground-pressure wave and the air-blast induced
earth shock, acting on and within underground shelters and

t rans mitted to the personnel therein and the acceptable limits
or tolerances that personnel can withstand with regard to
these forces.

It is pointed out that the acceleration forces experienced
by personnel in shelters are of an oscillatory nature and of
rather short duration (on the order of 10 to 100 mecc.), and
that information on human toletancev has been obtained only
for situations approximating that of personnel in plane cata-
puats and crashes, parachute openings and landings, and pilot
ejections where the &cre eraJon* are relatively constant (with
the exception of relatively slow build-up and decayl and of
relatively long durations (on the crder of seconds). It is
stated. therefore, that it is necessary to correlate the exper-
imental data for relatively constant, prolonged accelerations
with the situatio,% as It exists in shelters. It Is concluded
that prolonged accelerations impose a more severe loading
condition on the body and application of the tolerances for
these acrelerations in coanneciion with the ground-shock en-
vironni et would probably be conservative.

It li contended that authorities are not in agreement as
to the significance of a jolt, that is, the rate of change of ac-
celeration with time. Some references indicate that, as the
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* jolt increases, there is an increase in the level of accelera-
tion that the human body can withstand corresponding to a
particular type of injury, although this seems surprising in
general. Nevertheless, no conclusions are drawn for the

, " relatively rapidly applied loads of short durations that may be
experienced by personnel in shelters. Moreover, the paper
does not discuss available literature on drop tests and ship-
board explosions where some quantitative information on the
effect and significance of sudden jolts is presented.

A general discussion is given on soil-structure and
personnel-structure interaction, and rec-mmendations for
tests are listed. The tests, it is stated, should be designed
to investigate two prime items: that of accelerations exper-
ienced and that of the tolerance to such accelerations. No
tolrance criteria are presented in this report.

m. Summary of Reference A. 19

In this report, literature is surveyed to determine
human tolerance to rapidly applied accelerations. Pertinent
hunan and animal experiments applicable to space flight and
to crash impact forces are analysed and discussed. These
data are compared and presented on the basis of a trapesoldal
pulse. The effects of body restraint and of acceleration dir-
ection, onset rate, and plateau duration on the maximum tol-
erable and survivable rapidly applied accelerations are shown.

It was found that, by use of proper restraints with
straps, etc., tolerable values are considerably increased.
For the trapenoi4al pulse the tolerable magnitude decreases
as plateau duration increases, and the tolerable magnit ."e
also decreases as the onset rate increases.

Curves are given indicating Injury levels and voluntary
human -exposure levels from various test >f humans and ani-

* mals strapped to padded seats and subjected to the trapezoidal
acceleration pulse. The points on the curves are plotted for
acceleration versus plateau duration and acceleration versus
onset rate. The onset rate would correspond to the jolt or

* derivature of acceleration. For the ground shock environment
the intensity of the jolt would not be well known; however,
consideration of pulse duration versus acceleration level may
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have application in regard to a short duration acceleration
pulse under ground shock. The data indicate that for extreme-
ly short durations (less than 10 msec. ) the product of acceler-
ation times time would be of the saine order of magnitude; in

other words, the tolerance could be related approximately to a
peak impact velocity. However, for longer duration pulses
the tolerable product increases; in other words, the tolerable
peak velocity increases. This indicates that the use of a peak
impact velocity as discuuwe in the summaries for previous
references would be conservative for the longer rise timeb.

n. Summary of Reference A. 20

It is explained that, based on vibration and accelera-
tion pulse tests on humans (not for ground-shock environ-
ment), the following criteria have been established for person-
nel areas of Air Force weapon systems.

Weapon System Maximum Accelerption in

Personnel Areas. a.
Vertical Horizontal

Atlas Silo 1.5 0. US

Atlas Control Center ".... mounted to reduce ground
shock without impailing op-
erational ability"

Titan U (Criteria) 3.0 3.0
(Initial Design) 2.4 0.5
(Revision) 0.S 0.S

Minutentan (Criteria) 1.0 (down) I. 0
3.0 (up)

(Design) 0.S 0.IS

In all cases, the natural frequencies associated with
the above personnel support systems are lees than one cycle
ptr second. The mode of failure in alt cases is based on
impairment of operational capability of all personnel, some
of whom may be standing umsupported and may te unprepared.

The downward tread Ln peak accelerations believed to be nec-
essary to achieve the desired protectloa Is clearly indicated
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by the differences between those specified by early design
criteria and those used in the finai design of the Titan U and
Minuteman facilities.

It should be noted that all the suspension systems in-
dicated are pendular and that the maximum horisontal acceler-
ation is fixed more by the practical aspects of the pendulum de-
sign than by a human shock tolerance.

Huwnan shock tolerance is defined broadly as the level
of shock which a person may withstand without Impairing his
ability to perform essential duties. In some cases, the
critical level of shock may be that which produces injury dir-
ectly, and in others that which causes the man to fall down.
indirectly exposing him to injury. Implicit in the shock tol-
erance, then, is the "mode-of-failure".

The following tolerance& are suggested as tentative
guidelines for design and it is pointed out that the entire prob-
lem of protection for personnel must be considered from the
viewpoints of facility mission, shock environment, and
modes of failure.

Maximum Acceleration (a.)
Seated and Standing With-

Direction Well-Restrained out Support

Vertical 1.75 0. ?5

Radial .?S 0.50
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SECTION A-5

SHOCK TOLERANCES FOR EQUIPMENT AND
OTHER INTERIOR COMPONENTS

A-5. 1 Discussion and Evaluation

a. General

Available literature on shock tolerances, fragility lev-
els, and shock vulnerability data for equipment, hardware,
and other interior components likely to be housed in hardened
civil defense shelters Is reviewed and discussed relevant to
the effects of ground shock, and conclusions are drawn which
serve as a basis for the design of shock isolation schemes.

In order to provide necessary shock protection of me-
chanical and electrical equipment and other components housed
within a protective shelter subjected to a transient ground
shock environment, it is necessary that the shock tolerance
of these items be known. With this information, the required
degree of shock isolation may be established. This requires
that the peak acceleration from the ground shock environ-
ment to whiuh the various equipment items and other interior
components are exposed, be less than or equal to the toler-
able accelerations. For linear, single -degree -of-freedom
systems, the peak responses may be obtained from the struc-
turu shock response spectra. For more complicated sys-
tems, such as non-linear, discontinuous, distribv.tod mass
and/or two or more degree-of-freedom systems, the peak
responses may be obtained by employing a time history ol '.2
struc'ure motion by using a synthesixed velocity or die-
placement pulse corresponding to the time history of the struc-
ture motions as i forcing function. For linear, but two or
more degree-of -freedom systems, an appru mates although

. enservative estimate of the peak responses may be obtained
by the method of "normal modes", whica makes use of the
shock spectra. In many cases complicated systems may be
simplified in order to apply the response spectra.

The types of equipment items and their fwnctional re-
quirements for a hardened civil defense shelter will depend to
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some extent on the requirements established for the particular
shelter, i. e., function of the shelter (personnel shelter, con-
trol or communications centers, etc. ), the required level of
protection, the time interval on which occupancy should be
based, the required capacity (family or community shelter,
etc. ), bnd other factors. The normal peacetime function for
dual-purpos structures will also be a factor. The basic
types of equipment likely to be housed would include heating,
ventilating, air cnnditioning, water supply, sanitation, and
electric equipment, including emergency power supply equip-
ment as well as electronic communications equipment, such
as a radio receiver and possibly a transmitter. Blast valves
are also likely to be installed. A breakdown of the various
items is tabulated below.

Mechanical

Fans and Blowers
Air Conditioning Units

Dust Collectors
CBR Filters
Mast Valves
Prime Movers
Silencers
Heat Exchangers
Controls
Storage Tanks (Water, Iuel. or Airl
Oil Purifiers
Air Compressors
Refrigeration Compressors

Air Prebeaters
sinks
Water Closets
Urinals
Showers
Sege Disposal Systems

Electrical

Generators
lattery Charles
Battery Lanterns
Transfer SwitchesTo.. .o A,40



Batteries
Motor Starters and Motors
Panel Boards
Lights and Lighting Fixtures

• Clocks
Alarm Systems
Switches and Receptacies
Relays

Communications

Intercom Systems, (Tclplhois)
Radio Receivers
Possibly a Radio Transmitter
Antennas

Miscellaneous and Other Componen ts

Partition Walls
Furniture and Supply Cabinets
Conduits and Wiring

Pipes, Fittings, Valves, Hangers, Anchors
Mounting Bracketa and Hold-down Bolts

Ducts
Diffusors
Dishwashers, Wishing Machines and Driers
Cooking Equipment
Refrigerators
WAter Coolers

As listed above, civil defense shelter equipmant items
may range from relatively heavy and rugged component.
such as motors, fans. blowers, pumps and ge~teraters to.
relatively small and fragile Items, such as olectronic tubes,
lights. clockp. Alarm systems, rulays, fuses, atc. The
latter are generally senaltive iteoms, haviij lower tolerance

* levels and requiring fine adjustments which must not be ex-
* cessively disturbed.

Equipment failures may be oroadly divided into two
* classes: temporary and permanent failures. Temporary

* failures, often called "maltfuctions", are charactetised by
temporary disruption of normal operation when a shock or
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vibration is applied. For some cases, substquent adjust-
ments may be required for restoration of service. Perman-
ent failures are characterized by breakage, resulting in darn-
age so severe that the ab-lity of the equipment to perform its
intended function is impaired permanently.

The capability of an equipment item to withstand shock
and vibration is conventionally stated in terms cf its "fragility
level". "Fragility level" is defined as the magnitude of shock,
generally expressed in g. 's of acceleration, which the equip-
ment can tolerate and remain operational; in other words, a
permissible g. level (where one g. is equivalent to an ap-
plied force equal to the weight of the equipment) at which the
equipment will not malfunction or be damaged. Fragility
data for a particular equipment item are depen.ent upon its
physical characteristics, that is, the strength of the item
(frame, housing, and components), and to sorte extent the
nature of the excitation to which it is subjected. For exam-
ple, an equipment item may sustain a single peak accelera-
tion due to a transient ground shock disturbance, but may
fail under a vibratory-type input having the same peak ac-
ce'eration amplitude. This effect arises from the fact that
tho fragility level for a piece of equipment is actually a tol-
erable peak acceleration of the equipment frame under a par-
ticular shock test (tolerable in the sense that the equipment
frame, housing, ani components were not damaged or dis-
rupted). However, ander a different shock input resulting in
the same peak acceleration of the equipment as a whole, com-
ponents of the equipment may have responded differently. For
this reason, fragility data should be considered in conjunc-
tion with such factors as the natural frequencies and damping
characteristics of the equipment .omponents, compared t-, #he
excitation frequency to avoid possible resonance, and the eWat
input used to determine the tolerance as compared to the prob-
able ground shock input.

Reference A, 21 points out that equipments that are
capablo nf pustning a fair amount of shock and vibration
Itenerally consist of a housing or chasets to pruvide structur-
aI strength and an array of functional components supported
by the chassis. There must also bc proper balan-e between
flexitilty and rigidity. For a particular shock motion, the
maximum acceleration experienced by an equipment component
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is dependent primarily upon the natural frequency of the
mounted equipment. The acceleration response of the system
decreases as its natural frequency decreases, Therefore,
components that are susceptible to damage from shock may be
given a degree of protection by mounting them on relatively

flexible structures, that is, by isolating them. However.
this shock isolation may result in a vibratory motion follow-
ing the shock input as a consequence of the flexibility intro-
duced to attenuate the shock and may lead to stress amplifi-
cations of the equipment components as a result of this vibra-
tion. Compilations of damage experience (Reference A. Z1)
show that failure of principal stru tures and mounting brack-
ets is the most common form of damage. During shock,
structures may not have sufficient strength to withstand the
forces that are applied; during vibration, resonant conditions
may develop. and the relatively undamped structures may fail
due to stress amplifications.

A discussion of equipmnt vulnerability is pretented in
Reference A. 22. This report includes a pertinent conclusion
obtained by the Navy during shock and vibration testing of
sl'ipboard equipment, namely, an item of equipment well de-
sigaed for vibration was usually very good for shock, whereas
an item that passed shock tests satisfactorily may or may not
have been capable of pasting vibration tests. The reason for
these results was that many of the equipment Iltms tested were
flexible and in resonance with the testing frequencies. How-
ever, the flexibility was usually beneficial for shock if col-
Usion (with adjacent objects) did not occur. It is stated In
Reference A. AZ that. "in gtneral, the vulnerability of equip-
ment to shock and vibrat I on is dependent not only on the com-
ponents which make up thv equipment but also on the mo., ting
of these components in the piece of equipment and also on the
mounting of the equipment itself on the structure or element to
which it is att,ched. The sensitivity of easA Item i6 depet-
dent upon the overall characteristics of th entire system, and
a ca"nge in one part of the system may affect the shock sen-
sitivity of all the connected parts. For e, ample, plIacng a
transformer on a flexible plate moutting may change the char-
acteristics of the trantformer In resisting shock as well as
the characteristics of control equipment mounted on the tranl -
forister. Thus. *pecifying the level of rtloslance for individ.
ual items may not be sufficient. Generally. the item is part
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of a coordinated system which must remain undamaged to per-
formi its mission satisfactorily. " In accordance with these
comments, the fragility level or peak tolerable acceleration
response for the equipmcnt as a whole would be useful.

With regard to items such as ducts. pipes, and con-
nections, etc. , it would appear that distortioai rather than ac-
celeration is -4f most importance, and that the basic problem
is to secure them adequately and pravieIo for such distortion.
Reference A. 22 points out that in long structures or when two
elf ments are connected together and are attached to structures
which may muve in different t a~aras. relative motion nutt
be considered and may be a definite source of vulnerability.
Entrances to tunnels, tunnels connecting structures. piping
and shafts, and connections to mechanical and electrical equip-
ment are examples of items which should be examined in this
connection, according to this reference.

Reference A. I presents a discussion on equipment
vulnerability relevant to a ground shock environment and
points out that it is not sufficient to assess vulnerability in
terms of an acceleration only, since the frequency corres -
ponding to this limit is also a factor. It is stated in this
reference that in Seneral, a vulnerability spectrum can be
drawn as a function of some measure of frequency and that
this will have peaks at the naturk' frequencies of the piece of
equipment. It these are close together, possibly a uniform
acceleration vulnerability may be postulated, although this
probably drops down for low frequency inputs. The implica-
tion here is that a piece of equipment will be more vulnerable
to shock if it to moq~nted or isolated at one of its natural fro..
qtaencies. The fact that equipment vulnerability Is general::
lower for low frequency inputo Is not only because aquipmenw
Ahock isolation at lower frequencies corresponds to lower
reisponse accelerations, but it ts likely that the natural fre-
quencies of the equipment components would t. an be higher
and outo the rentv of the inptvt frerquency. It is pointed out
in lo'ferenct A- I that one need not generally be. concernett
with Inputs having a frequency higher Iran about IS to .0O
c. p. o. for vcrtical motion. except nar caluttins. and about
S c. p.. .* even (or the highest mode of, lateral motion, for
luwriaontel motion. Thete values are based on natural fre.
quoncies at structural chembers within the sheltier. It it
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apparent that a cLertain amount of shock isolation would auto-
matic.ally be provided by the supporting structural members.

It is ro-commended in Reference A. I that equip~ment frequen-
cies between I/? and 2 times those of the supporting structural
members must be avoided, or provision made for them by
considering a resonance phenomenon with & sustained harmon-
ic input.

Referunce A. 13 mentions that, in general, most items
of equipment, including fairly delicate electronic equipment,
, an .ustain shock% which might produce accelerations even
f'n the order of a m ,,:h ai S g. provided that the Irtquency
ni the element at which this acceleration is expcricnce.! is
relativvl high, on thve order of SO to 100 c.p.a. A five g.

acceleration for an clement having a low frequency would,
however. be much mort scrious and would product large rel-
ativv dioplacements. Rv rvnce A. Z makes the qame state-
mn. Although not specifically stated in References A. 13
anti A. ZZ, the implication appoars to be that a peak equip-

ment responae of 5 g. due to $round shock would generally
require isolation at frequencies below 50 to 100 c.p. a.
thereby avoiding possible amplifliations due to resonance
with the equipment components having frequencies in the range

of SO to 100 c. p. a. However, if the equipment frequencies
are lower and in the range of the isolation frequency. ampli-
fications mrey result and the tolerable peak acceleration of
the system would be reduced.

Tho most dolicite types of equipment In terms of

jhock resistanco rt ruportoO in Reference A. 11 as follows-

a, Rotary drums. such *s magnetic mvrnoriea
b. Cathode ray MoplAVr tubes
c, Pow r supply unit#
ti. 4..- t;v Lkdphant switchin circuits
4,. -rapt ueaito aott core storage units

It Is stokd in this ref ervce that tome 1al and (b) may

hvi- f(iIiurca- under operaltiig cndiltiOs at acceleration lveis

At low As .i .. ind Itm.ns such as (0. (4). and le) at co*%-
siderably grostor Ac.teralo*s. "for e#Ample 5 to 10 %."

ilvirete A. I I also reports on items (a). (b). and (i) and
stals that Items (a) aund (b) nay have failures at acceleration
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levels as low as 1. 5 g. , and items such as (c) at only slightly
greater accelerations if the frequencies correspond to reson-
ance with the natural frequencies of the equipment. Critical
accelerations for these fragile items apparently may be less

than the 5 g. value.

According to many other sources of information in the
field, general tolerable acceleration values applicable for most

items of equipment are presented as abstracted below. In
order to specify a safe tolerance value which covers a wide
range of equipment, these values would appear to be necessar-
ily censervative. In addition, the tolerance values for many
of the iteins are based on experience rather than shock tests.
Actual shock tests indicate that considerably higher acceler-
ation. values can be tolerated by certain items of equipment.

Reference A. i states, "It is not clear at this time
whether any piece of equipment is in fact sensitive to lese.
than 1.5 g. for the actual type of motion (ground shock mo-
tion) to which it may be subjected".

Reference A. 23 infers that few, if any, equipment
items isolated to within one g. would be vulnerable to damage.

Reference A. 24 points out that, during shipment by
rail or truck, most equipment sustains a shock of 3 g, or
more without any special shock-resistant packaging and,

therefore, this value can b. considered as a rafe fragility
value. However, if special precautions are required to
cushion sensitive components during shipping, a lower fra-
gility level must bt, assumed. Fluorescent lighting fixtures
(with lamps) have been tested and fragility levels found LO ,.

in excess of 20 g.

Reference A. 25 describes several shock tests of
fluorescent fixtures with lamps where peak t..ierable accel-

erations varying between 29 and 32, 5 g. were recorded.

As discussed at a mecting with the Korfund Dynamics
Corporation (Section B-2), they cons,.der that 3 g, for gen-

eral mechanical equipment and I to 2 g. for frAgile elctri-
cal and elertronic equipment are safe tolerable shock values.
The values are based primarily on transportation requlrunmt.
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According to Westinghouse Corporation (Reference
A. 26), most of their commercial (not ruggedized) apparatus
(primarilj electrical) will withstand up to 5 g. without im-
portant structural damage; however, it is pointed out that a
malfunction may result at this value or even at a lower valh'.
A list of apparatus certified to withstand a response of 3 g.
('iot tested) is presented. Ruggedized equipment tested indi-
cated that most such equipment would toler.,te a peak acceler-
ation of 20 g. and greater.

Westinghouse Corooration has tested electrical equip-
ment used in the TITAN program (Reference A. 26). Tolerable
shock levels ranged from 14 t3 116 g. with the majority at
about 20 g. However, in some cases, particular items were
ruggedized to eliminate weak links in the equipment which
otherwise may have resulted in di~inage or malfunction at
considerably lower values. This illustrates the large differ-
ence between a gcncral saie tolerarie value, oi sgay 3 g., for a
%idc range of equipment and actual value6 for particular items
(although the difference is p*rtlally due to modifications).

Reference A. 27 presents recommended gro und shock
vulnerability conrdinates (to be used in conjun,.tion with the
design qhock #pectra) for various types of mechanical and
electrical equipment. The coordinates are in terms of the
frequen:y and peak acceleration applicable for both horizontal
and vertical motion. Values are given for shock mounted
and non-shock mounted items and are based on moderate d.'tn-
age, Values for severe damage are also given. These values
given in the summary are considerably higher than the gen-
eral tolerance vaiues based on transportation requirements.
In every case, the shock-mountaed tolerance is higher th,
that for the same i'ern not shock moutited. This is prcbably
due to the fct that the non-shock mounted system freq-tsency
may be closer to the frequency of the *qulpmerit components
thereby lowering the tolerance dua to amplh iations,

As ,1iscuesed luring the meeting liith Space T%:h6o.'*1,
Laboratories (Section A$-3). it is fel that mOOt 0 4wiArti (,quit-
mient of the type likely to be housed in civil defenrs sl'eo,
could genvrolly sustain ihotk repon6es in the o4rder of S to
7 g. without hlAving to bo rugoditvel.
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During the meeting at the Air Force Special Wea-
pons Cenler (Section B-5) it was pointed out that Reference
A. 2u preseats a summary of test results for equipment. The
test environment data for these tests are generally in terms
of a hammer drop distance associated with an impact test.
This information alone is not sufficient to be directly related
to a peak tolerance which can be considered i'i conjunction
with ground shock response spectrum. However, for some of
the shock tests, spectra have been recorded which rnay be
comparable to the giuund shock spectra. It was pointed out
that there is a lack of shock test data on commercial Rrade
equipment.

As discussed during the meeting at the Naval Re-
search Laboratjry (Section B-7), most equipment can sus-
taini A peak acceleration greater than 3 g. , although a *us-
tained vibration of plus and minus 3 g. could cause damage
depending upon th. frequency of the motion as conapar-d to
the equipment frequeucit-e. However, when isolating equip-
mert to tolerable acceleration response, values, low frequency
systems (compared to ,equipment frequencies) are achieved and
rtsniarce should not be a problem. In general, the deter-
mination of an appropriate shock tolerance for equipment re-
CyQircs individual consideration by analysis or shock tests.

For other initerior compnnents. such as partition
walls. (Wrniture, 6:abinots. ductwork. etc., it is probabiy" ne-
ces ary to evalate the poak shock tolerance for each Indiv-
idual ltem bscd on the strength and flexibility of the itern
and its supports. t{ow.vever, most of those items are prob-
ably considlerably *it :id. although unreinforced partition
walts may be sensitive to horisontal accclcra?4rns. If ac -

celorzations a& i greater than ont, g. .1h, itums will separato
from the structure slab unlcss they are attached. This oup-
aration could cause oecondary damage due to collision with
the flour or othr." nvarby ubjects ao well as i., ury to per-
;ionnel.

b. Concludions

Bvtl us% review o( the da t %ioquorv! 4luvo and sum-
rnt, rix.d in Svi-tion A- '.s. the conclutions p e ~tJ hiow
c',eytde , rvesmr.ninded criteria pcrtaining lu %hock
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tolerances for equipment and other interior components
housed in civil defense shelters. Application of these re-
commendations with regard to this study is presented in
Chapter IV.

Based on transportation and normal shock require-
ments, standard commercial meitclinical and electrical
equipment items are known to be able to sustain at least 3 g.
Electronic equipment items can generally sustaini 1. 5 g.

Actual shock tolerancub fur standard commercial me-
c hanical and electrical equipment are, in general, higher

than 3 g. , and in most cases, 5 to 10 g.

Equipment specifically rtiggedized to resist shock ef-
fects caa in most cases sustain 20 g. or greater.

Isolation frequencies in the range (between 1,/2 and Z
times) oi the frequencies of the equipment components should
be avoided in the case where the equipment is subject-ad to a
vibratory motion. In most cases, shock isolation at fre-
quencies leiss than 10 or I5 c. p. a. for standard commercial
equipment and less than 20 c. p. s. fur rugge6licd cquiprnent
will avoid resonance problems.

Sufficient rattle space must be provided to accommo-
date relat've displaccements resulting irom the fiexiblity in-
traduced by the *hick mouning.

The offect of rocking or tilting motion on the per-
formnance of the 'tquipmont must be considered.

Mounting c.onnetions must be providati with K4icik-nt
strength to carry the forces duoa to the peak acevikration.

In order 'o astahh the actual shocx toloranco for ak
particular item of equipment. tvsting or analysis to nocos-
sary. Troting it dioctissed. in thv folluwing section (A-6).

For miscrlaionous interior compontents. such as par-
~tton walls, furniturr. cabiricts, hardware, ductwork, pip-
ing, etc. . e&414itvv toniuat be evaliwaied hind sufficient
strength. anchoragev. aisd flexibility provided.
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A -5. ? Summaries of Information
Obtaiied from References

a. Summary of Reference A. 1

This guide advances some data on equipment vulnera-
bility relevant to the ground-shock environment and points out
that ;t is not sufficient to assess vulnerability in terms of an
acceleration limit only, since the irequenry corresponding to
this limit is also a factor. It is stated that "in general, a vul-
nerability spectrum can be drawn as a function of some meas
ure of frequency of the input motion and that this will have
peaks at the natural frequencies of the piece of equipment. If
these are close together, possibly a unifov'm acceleration
vulneiability may be postulated, although this probably drops
down for low frequency inputs."

The vulnerability to be concerned with is that due es-
sentially to a single pulse for low-frequency inputs or to sev-
eral pulses for high-frequency inputs. but certainly not that
due to a steady state oscillatory input, according to this re-
port. It is stated th:t "In any case it appears that we need not
be generally concerned with inputs having a frequency higher
than about 15 to 20 c, p. . for vertical motlon. except near

columns, and about 5 c. p, s. even for the highest mode, of 1at-
vral motion, for horizontal %notiou. "

It is furtht'r stat,d "hat i. the structural dvsltn os
not achieve thv nvcsosary dcgrvo of 4ttenuation of accelera.
tion then the equiptnent may be ohock mounted or the design
modftcd. It i* usually chuaper Awd simpler to shock mout
the ,quipmant -xcclit in vor-, tpvclia cassc. It app#,Ars ,n-
tirely f-asik to isnit the* hock |tion experioncvd by
*Ploiimust to about Z. i t. for vvrtical motion. and poarsibly
about I. 5 i, for h trixoral motion. b " App,.oxintw 10a.-
ures in th,- otru-tiral tlosign, Any further rrtuctions can be
avhieverd ooily "y unuual , ethod and roquire niore detailed
?tAu!, iAoO annlysi4, It it r,.omniit';id that furth'r reduc -

t ifii tp'ct!Ca. Lc obtaminme~ by in~'tvitiually ohock rttoisniing
v%%lnr*#,e pi s of equipment. It is n--ot 'lar at tl i trr
whethcr aoy 1tkovo of equipmrnt ips in fact ;enVatyv to logo
than 1. r, U. to t r ,.vsial typ , o.' iution to whirlt it may W,
Attibp,,d t. 11 in poabh,, thmat highr Irvqucnc: steady
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* sinusoidal motions may cause damnage to cquipment at lower
accelerations, but th)s is not pertinent Lu thc problem.:'

'In order to reduce somewhat the accelerations near
the columns, relatively Lnin energy absorbing pads may be

used. These will not achieve a major shock isolation effect,
but they will be of help in keeping high frequencies irom be-
ing transmitted through the columns."

It is pointed out that frequencies between 1/2 and 2

times those uf Lhe structure must be avoided, or provision
made for them by considering a resonance phenomenon with a

sustained harmonic input.

b. Summary of Reference A. 13

This guide gives damage s.-itcria fur vqvipment in a
ground shock environment and it states that "in general the
sensitivity to shock of a piece of equipment is dependent
not only upon the components which make up the equipment.
but upon the mounting of these components in the piece of
equipment and also on the mounting of the equipment itself on
the structure or element to which it is attached. The sensi-
tivity of each item is dependent upon the over-all character-
istics of the entire system and a change in one part of this
system may affect the shock sensitivity of all the parts con-
nected tcgether. In other words, placing a transformer on a
flexible-plate mounting may cehange the characteristics oe the
transformer in resisting shock as w ell as the characteristics
of control equipment mounted on the transformer".

It is stated that. "in generAl most item.' oi aquipt..-t,
incloding fairly delicate electronic iquipment. can sustain
shock* which might produce accelerations on the order of as
much as 5 S, provided that the frequency -4 tho element at
which this accileration Is experienced is relatively high. on
the order of 50 io 100 c. p. a. A S . acceleration for an
element having a kow frequency would. however. be much
more sorous and would pri.Wuce large rolitivo displacemnts.'

Lha most delicate types of equipment in terms of sho.*k

resistance 4re reported as follows'
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a.- Rotary drumns such as magnetic memories;
b. Cathode ray display tubes; and
c. Relays in telephone switching circuits.

Items such as (a) and (b) may have failuies under operating
conditions at acceleration levels as low as 1. 5 g. , and items
such as (c) at only slightly greater accelerations if the fre-
queticies correspond to resonance with the natural frequencies
of the equiipment, according to this, report. It is stated that
,,such items require special shock mounting and substitution
of equipaient of another less vulnerable type is desirable.

c. Surnmary of Reference A. 21)

It is described in this report that shock response
spectrum can be employed as the primary criterion of dam-
ag~e potential. The selection of equipment or the elecision to
provid.' shock isoatioii can be made on the basis of a cornpar-
i sort of the spectrum of the service shock with that of a test
*hock which the equipment has survived.

The following problems are pointed out:

"Rarely has the model and make of the equipment been
determined itt the stage in the design where the decision
whether or not to isolate the eqtiipment must be made. In the
jstisl prucuretmont proccdtire, the entire fAcility design is
C0.11ple'.'d b3efore the final selection of equipment. In the in-
terest of vecnosty it is desirable to utiliae commercial grade
046~pmaent whvr*-ver possibie. To specify arbitrarily that
the 04tiipinont withstand the service shock without regard for
commorcial standards m-Ay reeloire that a specialty dcoigne..
%init be construcd."

"A turtl%,- comrplicatIon arises from th-o lack of a
cumipreenive body of shock test data on commercial grade
oti-iipiiionit. Ample tuot data wuild prwvd'J the isolatiun sys-
tem designer with a boasis for formning A rasonnabie estimate
of the shocl tolerance level of m'iipmnont in which he is in-
terested. Many important ifiems have never been tested; in
those instances where tests have been made, the strength of
the toot shock is rarely dofined by its response spectrunt.
In any case. the data Are widely scattared.



"As an initial step in, assembling shock test data on
the type of equipment regularly employed in underground pro-
tective structures, a large number of shock-test reports have
been abstracted and the results tabulated (in the report)."

The test environment data for the tests reported is gen-
erally in terms of a hammer drop distance arsociated with an
impact test. For some of these tests, spectrum were re-
corded which can be compared to the grotind shock spectrum.
If the equipment withstood the test and the test spectra is more
than the ground shock spectra, then the equipment is capable
of surviving the ground shock.

d. Summary of Reference A. 21

This report does nnt present any shock tolerdnces for
equipment, but it does examine the design requirements for
equipment required to withstand shock and vibration. Also,
a discussion of equipment vulnerability, malfunction, and
damage sustained during laboratory tests is presented. The
following data are abstracted from this report:

Equipment of a type r-quired to withstand shock and
vibration generally consists of a housing or chassis to provide
struw.tursl strength and an array of funoctional components. A
suitable design is characterized by (I) properly selectod or
designcd cumponents. (R) chassis mounting to minimiae dam-
age from shock and vihration. and (3) a chassis capable not
only of withstanding shock and vibration but also of providing
a dogree of protection to the components,

One of the more troublesome problems in the desi4 -l j
equipment is attainment ai the proper balance oetween flxi-
bility and rigidity of the chassis. For a particular shock mo-
tion. kliv maximum acceleration experienced by a component
is determined primarily by the natural frvq, tncy of the
rhassis supp.iriing the component. The accelration decreAoae
as the natural frequency decreases. Thus. components that
are susceptible to damage from shoc' may be given a dogree
of Orotection by mounting i n a rclatively fIrlibiv
chassis. however, it the equipment is required to withstand
shock as well as vibration, it is possible that the flexibility
introduced to attenuate the shoc:k way lead to a failure as a

A-71



result of vibration.

Failure or damage from vibration usually is the result
of a resonant condition, i.e., the chassis or component has a
natural frequency that coincides with the frequency of the
furcing viLration. In some applications, e.g., on naval
ships, the maximum frequency of the forcing vi'ration is rel-
atively low, and it becomes feasible in most instances to de-
sign equipment having natutal frequencies greater than the

highest forcing frequency. On the other hand, vibration in
aircraft is characterzzed by relatively high frequencies; as a
cousequence, it i% not feasible to design equipment having
natural frequencies higher than the forcing frequencies. A
condi:ion of resonance often must be tolerated. In extreme
conditions. the effect of the resonant condition can be allev-
iated by the provision ol damping c r energy dissipation.

Failure of equipment as a result of shock and vibration
may consist of (1) damage so severe that the ability of the
equipment to pvf,)rm its intended function is impaired per-
manently ur (Z) temporary disruption of normal operation in
a manner permitting restoration of service by suosequent ad-
justment of the equipment or termination of the disturbance.
For example, a common type of disruption involves excessive
uibratiorn of the elements withih tn electronic tube; damaie
mny not ocr:ur, but the elvtron tubr may Cuneratv spurious
signols and thus he unable to porform its intended function.
Another tytp of temporary disruption may occur in a relay or
circ it breaker whorrv shock or vibration causes unintended
and impropor oprration. Normal oporation can be restored
rvadily if the oquil'nent is accessible to porsonnel (or ad-
justmrnt. Sivanwhile, tvrious consrquences may have dov,'
opd frsm 1th disruption.

A ricord -A damage sustatned by equipment during a
sh, ck or vibr.i ti iv test is significant in vmph ,stiang the con-
sildratohs that 'Irv important in Atzlaiin rslistati.;V to dam.
age trom sh,*ck and lbra aioA. Compilatians of damage rx-
perornse iih.w that failkare ot print ipal chasis and mounting
brackut. is thr most comimiuo (orm of damag. D~uring shock,
a chasts may wit havr iifticictnt strrngth to withstand the
Ircvs that 3rr appld. During vibrAtion, r-sonant cundi-
Istios m.sy drylop aad the rrlatively undamped chassis may
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fail from fatigue. Failure of elect'ical ieads from fatigue is
common, often because the leads are used improperly to sup-
port resistors and capacitors. Failure of electronic tubes is

common, mainly because they are used in large quantities
in electronic equipment although failure in terms of percentage

of tubes used is not large. On the other hand, a r latively
large percentage of incandescent lamps and cathode-ray tubes
experience failure. In some instances, failure may be as-

cribed to the inherent properties of the components that failed;
in other instances, failure is the result of improper installa-
tion.

e. Summary of Reference A. 4Z

This report consists of Parts A and B. Part B, repor-
ted herein, gives the theoretical basis for the procedures given

in Part A. Each part contains a chapter on shock effects cov-
ering shock vulnerability of equipment.

The fellowing is quoted from this report:

"The problem of estimating shock vulnerability of
vquiprnent is complicated because only small segments of in-
formation pertaining to thie topic are available. Even when
pieced together, information in this area Is still fragmentary.
As a result, the rnformation mby have to b,, revised poriodi-
cally as additionsl informnation becomes available."

"Damage or failurp of equipment may reault from irac-
ture or breakage of parts. y1olding or permanent deformation.
misalignment, relative motion between components (for exam-
pie. electronic components!, loosening of fasteners, low ,'lo
high stress fatigue, etc,".

"A com.rehensive summary of shock and vibration
damage was published by the Department of ..to Navy in 1951
r Damagcs Rsultinrg rrom Laboratory Vibration and High-
Impact Shock Test,' Bureau of Ships. Department of the
Navy. Publiction NAVSHIPS 900. 18S. I I September l9).
As use4 herein the term vibration rfers to crontiomtnt oscil-
latnty motion which may dhmp out with timv whild shock to-
fers to an abrupt transient disturbance which may bo followev
by vibration in many cases. Two pertinpnt parallraphs of thr
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conclusions in this report are quoted below."

'An equipment well designed for vibration was usually

very good for shock, whereas, an equipment that passed

shock tests satisfactorily may or may not have been capable

of passing vibration tests. The reason for these re. ults was

that many of the equipments tested were too flexible and thus
were resonant in the testing frequencies. However. the flex-
ibility %%as usually beneficial for shock if collisien did not oc-
cur. Vibration tosts were normally pertormed on the equip-

ments first, followed by shock, one exception being lighting

equipments which were shocked before being vibrated because
of the fragile nature of the lamps.'

'One very interesting fact observed in examining the
breakdown of damages is that the greatest majority of the dam-
ages (zpproximately 90 percent) resulting either from shock

or from vibration can be eliminated in future designs uaing
components currently available. For thut matter, in a great

many of the present designs damages can be sharply reduced
without extensive design changes. The vxception would be

thos vequipmcnts where it is not possible to rate" the rvsonant
freqruiecy above test frequencies by methods which would not

undely increase the severity of the shock test of the unit.'

"The implication of the last p4ragraph is that often it
to possib to fNbric&tr hirhly *hock-resistant equipmont with

availa6l comp-nents it prop-r detin 4nd shock-proof t.otiog
4re undortwkvn. Tho advcnt of lhcrot,*sd 4wareness of the Ad-

antages of shock testing. coupled witlh the u of solid-stat
c-mponrnts. has protlded a mqch larger n.argin of safety

4#4itndt shock damanig for cortain types at ,qttlpmcr, o , to

parrd '* .-arlier yvars,"

"It gvnerl., the vulnvrabdlty of equipment to shoitk is
d-pvn4l't not only 'apatx. Owe componvots which nmkle up the

,q9UpI Mnt% t ) 4lSo upOn thC montingI 'Of thee'? Components in

the piier of oqtipm, lt awl1 also on thr mounting of the equ+p-

ii')nt itse|f on thc structurv or erlemnt to which it is iltathegd
itt sensitivity of each item is depend-int 4pon the overall

shara vtrstics of the entire tystsitl, awl . .hange 4n one part
of the iLystem may affi c the shotk srnsitivity ol 4ll the .:,n-

hs, ted parts. In othor words. lblam "t a transformer Ott a
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tilexible plate moCunting may change the characteristics of the

transformer in resisting shock as well as the characteristics

of control equipmient mounted on the transformer. Thus. spec-
ifying the level of resistance, for individual items may not be

sufficient. Generally the item is part of a coordinated system

which must remain undatnagcd to perform its mission satis-

factorily. "

"The tyl:e of shock sensitivity depends on the item; one

.,u kjient item m'a-ty tic SU .sitINA to betveral types of ex.:ita-
tion. A good vxample descrioed involved a cabinet mounted

amplifier signal system. Not only were some of the electronic
components extremely shock sensitive, but in addition the cab-

ine" framewurk and ptnels were damaged in shock tests to such

an extent that the rest of the equipment was rendered useluss.

Generally the vulnerability leels for equipment can be ex-
pressed in terms of acceleration (torte overloading) or occas-

ionally deflection (relative deflection or permanunt set). Oc-
casionally relerenco is made to frequency at which the accel-

eration, etc,. would damage the equipment or render it ,se-

less. Another common criterion involves steady state vlbr&-

tion (froq s.ney, acceleration level, and number Uf cycles),"

"In order t. makt tjo, of r-sixrnee spictrum concept*
to maktng . vulacrability ,nAlysts for shck it is necessary

that the vkinorablity criteria (4ccol-ration or displacement)
br knoIwn II well as the freitticty (u L Wind 0! fr.quency) in

which thr d~amatn may occur. it was on this b$o that ow tim-
alvt of treje'nvy -ftn v.lnrr.hiltty of typkc.il rquipment items

prv-ented tn Part A wvr preparrd Uodor vertain r e cnn-
ditions ttibtatio'is of dsplaern-.en, %citty or am eoration

eritrtiA (without a stnowlvilov -a trolettny range, ior xia*'.

-at- pr,.%vtdv ixtvc.i l' t t i .r ulttakit 4 1 o #k tt-rAbilitv

iial) to

It 44 ofa eMel th. "in grl1. sups . me of eqgutplitt.
includiox lairly delltatr olecirhto rquiputelnt. C an isisin

shockis Wh;. i-0h iiIgPronta- ct virations -vin on thv ordwr 0(
as mcbh .4s : (0 tmor the iv% olerot.on ul jgravily) provideJ

that the fro uslesmt .t V of .hr.vrmptitao hich this is
vxpvrivtnrd is r , a-v'-l% high, on th, irder -f SO to t00

c p. # A 4 i a, pterati¢on for ani ere mni have6, 4 tow frc,-

q9uory wtld. tU,*wrve, h , m1 h totrc afrikrs. and *uold
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produce large relative displacements.

The most delicate types of equipacnt, in terms of

shock resistance, are reported as follows:

a. Rotary drums such as magnetic memories.
b. Cathode Ray display tubes.
c. Power supply units.
d. Relays in telephone switching circuits.

e. Tape tinits and core storage units.

It is stated that, "items such as (a) and (b) may have failures
under upurating conditions at a,;celeration levels as low ts 2 g.,

and items such as (c), (dj, ind (e) at considerably greater ac-
celerations (for example 5 to 10 g. )."

It is pointed out that recent magazine advertistments for
tolid state diode' -,ke open claim for maeeting the following
typical vnvironments fur stablo operation.

Instantaneous (pItt)shuck - 1000 g.

Continuuuis acloration -40 U,
Vibration - 15 S. vvtr 10 tt J000) c. p.s. (but no cycle

limit given - the lcIdo would tshvioubly 1w the weak link herc).

It is stAtud that, "the typlv -$ itnrab! r ins in har-
donrd structisres ~Arp -aty *tnd too J1ivertB4 to sunmmorisc
but wvould include such latma a* Otility sys'etnls. battrrivs.
refrioarating unlts, olectronic eqip irtan, -motors and genra-
tore. bearings. shock mounts, f(Asten.rs, tears, I aVhvs,

du l,. O" personnel'. It 1* pointed out tat, "in long struc-
ttres, or when two reiatonts arp connrected together and are at-
tachedt to structures which may movc in different manners.
relatkvo mlino moot bv c,'-;idvrv and may be 4 tLftaite swr-e
of :vln.-rtbtllty. ftrAts.m: to tunnels. tun.Is ccOnnVcting
strurtures. piping. and ohafts. and FUads ranuecting mechanical
and electrial eqiirn%'ht. at-.. example% % Itof i which should
be examined in this .wnectwn.

f. Summary of kwor"wer A. ZI

With rogard to equlitpott fragil-ty atod tolerances.

this rviort prescotl a gvnral ditvlusion of the batic. vlcsinwm-
tary onriepts inv'dvd. It i stAtiad that "'if the skipportin#
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structure is to be shock isolated to a dynainic lceA of -me g. or
less fur sonme rvason, little, ill any, of the equipment would
require additional sho~ck protection or special mounting con-
side rationm".

g. Summary of Referecie A. 2.4

This report dues not present any shock tolerances for
equipment but it does point out that studieii of shock loadings en-
countert-d by equipmi-ent during shipping have been reported and
indicate that equipment shipped by rail or truck may experience
shock loading.s of i g. or nuire. It is concluded in the report
that it equipment is normally shipped by rail or truck without
special shock-rvsistant packiging. and, if rquipment is rarely
damaged during the normal shipment, the equipment c;%n be as-
stined to have a frisgility lwvcl in excess 01 A S. U special
precaution* ore required to cushion sonaitivv cusmponerits dur-
ing shipping. a lowirr tr~gility Irvok must be assumned. .uor-
Vacont 5iotins fixtturos (tixturv anid tamp) may have lragility
leovols in excess of 40t g, Se-voAl oiuacturers havQ tested
fixtures and c:an certify mirnimumn fragility levels of this viag-
nittadv. Incandvscent lamps Aind fixtures gtieralIly itre not a
shockt resistant. And "rugged duty" lamps ar. required,

h, S%;mnussy of Reforunco A .1.

Soveral 4-1-t. flutirescent fixtures with lamps woro
shock testvd with the prAV% tolsrable accoleration voitig~

W'*OIM* and Q - Ng.

t. Summitry of Roforenvo A. *'n

This reoport prosvtits shovit tolerances for various
electeical t-qupmont itoms manutacturcd by Westtrighouav
The itoms wctep vatod luitio the Nwy lfigh Impact Machine
j.nd '1tbe test vqi~ipmwe~t) by Westatighuer s. cdtcally for the
TIlTAN proittam ati orn of th. ithock levels noted ate to,-
spocil otrulaggedisei oquipment In all. 66 itemrs WereV

tested. thie shoc1A I-cvets vzirving lrn- 14 to 116 it, The lowest
level of 14 %. was rec.atdvd for I-phsp ttt~anfrnira. 14 0

* wAs rvcorded (or a 100 0 -watt mrtrtY lamp Thv highest
leVel at 116 C was re rilded for a 1000-watt 1inija ballast and
a z4,z i-watt .1-latp teaevtor, A flivrrsccnt 11'1ching fixhire
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with lairix, a high-bay lamp, starters, relays, transform-
ers, voltagc regulators, resistors, transducers and fuses had
tolerances of about 20 g. Switchgear components presented
tolerances of 50 g.

It is stated in the report that "most commercial (not
ruggedized) apparatus will withstand up to 5 g. without im-
portant structural damage. Functional derangements (mal-
functions), however, may be objectionable even at low peak
accelerations if the component response motion renders the
app.ratus incapable of performing its principal military func-
tion even though structurally undamaged."

A list of apparatus certified to withstand a response of
3 g. (not tested) for the TITAN program is presented and in-
cludes such items as circuit breakers, 1-phase transformers,
panelboards with E-frame breakers, multi-motor itarters,
overload relays, and timing relays.

j. Summary of Reference A. 27

This report consists of Parts A and B. fart A, re-
ported herein, gives procedures and Part B presents the theo-
retical basis for these procedures. Each part contains a
chapter on shock effects covering shock vulnerability of
equipment.

This report describes and illustrates a mechod of
shock vulnerabil'ty analysis based on the response spectrum
which consists of matching the acceleration spectrum with
the vulnerability coordinates (in terms of frequency and ac
celeration) for te particular class of equipment.

With regard to the vulnerability coordinates, estim-
ates of typical ranges are given for tolerable -mits without
incurring moderate damage. Also given are reconmended
values corresponding to moderate damage and severe dam-
age. The typical ranges are listed below. Recommended
values (presented in the report) for moderate damage lie mid-
way between the typical ranges; and recommended values for
severe damage art four times greater than the acceleration
values for modcr,tte damage. It is pointed out that, "softer
shock mountini, way be used in highly pio)tccted structures".
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* Estimates of Frequency ana

Vulnerability of Typical Equipment Iterns

Typical Ranges of
Fundamental Estimated

Shock Natural Vulnerability
Item Mounted Frequency Level

c. p.s. g.
Heavy Machinery--Mo-
tors, CUenerators, Trans- No 5-15 10-30
formers, etc. (4000 lb.) Yes 1-5 20-60

Medium Wt. Machinery--
Pumps, Condensers, Air
Conditioning, etc. (1000 No 10-20 15-45
to 4000 lb. ) Yes 1-7 30-90

Light Machinery--Fans

Small Motors, etc, No 15-35 30-70
(100 lb.) Yes 2-10 50-150

Racks of Communication
Equipment, Relays, Rotat-
ing Magnetic Drum Units,
Large Electronic Equip- No 10-50 2-8
ment with Vacuum Tubes Yes 2-10 10-90

Small Electronic Equip-
ment, Radios, Incandes- No 20-80 20-80
cent Lamps Yes 2-25 50-450

Cathode Ray Display No 5-25 1. 5-4. 5
Tubes Yes 1-5 5-25

Transistorized Computers,
Fluorescent L.imp. and
Fixtures, Nuclear Reac- No lu-50 5-20
tors Yes 1-15 20-200

Storage batteries (All
Types), Piping, and Duct No 5-.15 20-120
Work Yes 1-10 50-250
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SECTION A-b

SHOCK TESTING FACILITIES AND
CURRENT TECHNIQUES USED FOR SHOCK TESTING

A-6. 1 Diccussion and Evaluation

This section is devoted to shock testing facilities and
cu,ie.nt techniqucs used for vibration qnd i-.rn..t testing of per-
sonnel and equipment. It is divided into two parts: "Personnel
Testing" and "Equipment Testing'.

a. Personnel Testing

A nunber of shock and vibration testing machines have
been developed to study the physical, physiological, and psy-
chological responses of man to vibration and abr'apt accelera-
tion or deceleration. These devices are in current use, prin-

cipally in the military departments, and include mechanical
and electrodynamical shake tables, vertical accelerators,
shock machines, and horizontal and vertical accelerators and
decelerators, e.g., rocket sleds on tracks and drop towers.
See, for example, References A. 7, A. Z8, and A. 32. Require-

ments for thcae shock and vibration machinnn, include adequate
safety prenautions, safe and accurate control of tba exposure,

and sufficient load :apacity for subject, seat, and instrumen-
tation.

Many fundamental studies of effects of mechanical vi-
bration on man are performed with single-degree-of-freedom
sinusoidal forces using mechanical and electrodynamical shake

tables. In general, these devices piovide relatively simp-,:

moticn patterns not representative of actual environments, and

are used principally for otystematic investigations of physiolog-
ical effects of echanital vibration under somewhat simplified

conditions.

* In order to study some of the physiological effects of

mechanical ,ibrdtiun on man, a direct-drive, mechanical-

vibration shake table capable of provding large sinusoidal ver-

tical displacements has neen designed and constructed by the
Naval Research Laboratory (Reference A. 28). It is used for
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a long-range research program at the Naval Medical Research
Institute and is designed for a maximum tablelead rating of 200
ibs. at any combination of displacerien's and frequencies not
exceeding a 15 g. peak acceleration. The frequency range is
2. 2 to 5 0 c. p. s. The excursion or total travel is variable
from zeio to four 4nches and may be changed continuusly
while the machine is operating. The essentially harmonic
motion of the table occurs only in the vertical direction.

The Wright Air Development Division houses a shake
table designed for sinusoidal motions in either a horizontal or
vertical plane (Reference A. 7). This device is used for study-
ing human tolorance and biodynamic problems at large-ampli-
tude vibrations and also for testing seats, harnesses, and
other equipment. It can operate in the frequency range from
2 to 30 c. p. s. and has a maximum acceleration rating of
about 20 g. (at the higher frequencies). The double amplitude
is adjustable between zcro and 9 inches. lit actual studies
of human tolerance, the machine produced vertical accelera-
tions in the order of 2 to 3 g. in the frequency range between
3 and 10 c. p. s. (Reference A. 8).

Other shake tables widely used for human factors re-
search include the U. S. Army Medical Research Vibrator
at the Army Medical Research Center, Fort Knox, Kentucky,
and the Boeing Human-Vibration Facility at Wichita, Kansas
(Reference A. 28). The former device can produce either ver-
tical or horizontal motions throughout the frequency range
from 5 to 2000 c. p. s. The maximum displacement (double
amplitude) obtainable is 0. 5 in. which decreases as the fre-
quency is increased. Accelerations up to 10 g. are pos-
sible with a 280-lb. load and 20 g. with a 100-lb. load. The
Boeing facility is capable of producing sinusoidal motkons of
either constanc amplitude or varying amplitude in the vertical
plane. Vibrations between I and 30 c. p. s. with amplitudes
of 20 in. at the lnwest frequency up to 1/64 in. at the high-
est frequency are produced.

Since the law of linear superposition is valid only in
the linear physical domain, sinusoidal forces alone are not
adequate for the Ltudy of non-linear physical responses or
physiological and psychological reactions to complex force-
time functions. Therefore, some machines have been
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designed uniquely to simulate to some extent certain actual
environments. These devices are referred to as motion
simulators. A vertical accelerator, for example, (Refer-
ences A. 7 and A. 28) employs a friction drive mechanism to
permit the simulation of large-amplitude, low-frequcncy sin-
usoidal and random vibrations, such as those encountered in
buffeting during low altitude, nigh-speed flight or those antic-
ipated during the launch or reentry phases of spacecraft.
This device can be programmed with random o periodi. vi-

cords under actual flight conditions. It is located at the
Wright Air Development Divisio,, and can produce vertical

sinusoidal motions with an amplitude of + 10 ft. with an ac-
celeration limitation of 1 3. 5 g. between 0.3 and 10 c.p. a.
In addition, an auxiliary vibrator can shake the platform
horizuntally with sinusoidal vibrations and is adjustable be-
tween 10 and 20 c. p. s. up to 0. 12 in. amplitude.

A six-degree-of-motion simulator located at the Aero-
space Medical Research Laboratories, Wright Patterson Air
Force Base, will be operating in the near future. The pur-
pose of this facility will be to explore human tolerance anu
performance under high-level angular and linear oscillations
as anticipated during the reentry phase of space vehicles,
low-altitude, high-speed flights of airplanes, and operation
of escape systems at high speed. Simultaneous operation of
all six degrees of motion with programmed acceleration pat-
terns will be possible with this device which will have the
capability of producing vertical linear motions from zero to
30 c. p. s. The maximum vertical displacements will be var-
iable from 0 to aibout 10 in., and linear transverse and loii-
gitudinal motions will also be produced from 0 to 30 c. l.,
with maximumn displacements variable from 0 to about 8 in.
Motions in roll, pitch, and yaw will be from 0 to 30 c. p. s.
with a maximum displacement of plus or minus 15 degrees in
roll and pitch, and plus or minus 10 degret in yaw.

Other machines for the study of human tolerance to
ejection from high-speed aircraft (e.lection seat) have upward
or downward acceleration tracks with sliding seats projected

by explosive charges. Horizontal tracks with rocket pro-
* pelled sleds which can be stopped by special braking mechan-

Isms have been used to study the effects of linear
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decelerations similar to those occurring in automobile or air-
craft crashes. These devices produce force or acceleration-
time functions which are approximately trapezoidal in shape.
In actual tests with human subjects (Reference A. 7), rates of
onset of acceleration up to 1, 400 g. /sec. with plateau dura-
tions of 40 g. have been used, although the capacity of the
machines is generally higher. (See, for example, References
A. 28 and A. 32).

In the simulation of shipboard shock motions, the U. S.
Navy high-impact shock machine has been used for tests on
personnel and cadavers (Reference A. 17). (A description of
this device is tiv.u in the next section entitled "Equipment
Testing". ) In some studies to investigate shipboard shuck cf-
fects on personnel, actual underwater explosions have been

conducted against a ship. Devices which simply drop subjects
from predetermined heights have been employed in other
studies to determine impact effects resulting from falls, par-
achute jumps, automobile and aircraft crashes, and related
decelerative phenomena (Reference A. 10). Various impact
velocities may be generated depending upon the height of free
fall.

To date, there have been no piulications of tests or
testing devices which were designed specifically to deter-
mine human tolerance to shock motions typical of those en-
cotintered in underground protective structures. As discussed
with representatives of the Lovelace Foundation, DASA, and
the Naval Medical Research Institute (Sections B-4, B-6 and
B-8, respectively), shock testing to determine human tol-
erance to shelter motions would involve a somewhat elaborate
program, particularly for civil defense shelters, since -s
wide range of age groups, physical characteristics, and body
positions (sitting, standing, reclining) are involved. For ob-
vious reasons, test results obtained on healthy young sub-

jects (who are likely volunteers) would pro.ably not be repre-
sentative of tolerances nor of physical characteristics for
other age groups. Nevertheless, studies using seiected vol-
unteers are well worth making provLding care is taken in the
interpretation of the data. With regard to future studies, the
Air Force Special Weapons Center is considering performing
tests on peisonnel in connection with the Minuteman Weapon
System using the abovementioned six-degree-of-motion
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simulator at the Wright Patterson Air Force Base (Section B-5).

b. Equipment Testing

A great number of devices for shock testing of equip-
ment are in use, particularly in the military departments.

The individual capabilities of these devices vary widely in ac-
cordance with the shock requirements of, and the type of
equipment to be tested, by each device.

In principle, shock testirg is concerned with laboratory
reproduction of equipment damage analogous to that occurring
in field service. The effect of a shock motion on equipment
depends not only upon the characteristics of the motion but
also on thc properties of the equipmeut and its mounting. In
gvuejtal, the chock motion that occurs irt any given field con-
dition is affected by many variables, and the i;hLcteri.tic-
of the motion vary significantly fromt one occur.ence to the
other. Thus, shock machines, in general, have not been de-
signed to simulate a given shock ondition, but rather to gen-
erate shock motions which have a damage potential at least as
great as any probable field shock for which protection is re-
quired (References A. 29, A. 30).

There are basically three methods of specifying shock
tests (RefererceA A. 13, A. 20, A. 24, A. 29). First. a shock
motion can be specified. A shock test then consists of
causing the points of attachment of the item under test to par-
take of this motion. Since one of the zuot characteristic fea-
tures of shock motions is thpix infinite variety, an 'equiva-
lent" motion is usually specified in terms of a suddeii veloc-
ity change or as an acceleration prlse devoid of dominan. f ,e-
quencies. Second. a shock spectrum can be specified. A
shoc, test then consists of causing the points of attachment of
an item under test to partake of a motion that ha this spec-
trum. Third, a shock machine can be spe :ied together with
a procedure for its operation. A shock test then consists of
mounting the test item to the machine in a prescribed manner
and of operating the machine according to the givon procedure.
This method of specification requires that those responsible for
the test provide a machine which generates appropriate shock
motions, or spectra, that is, a shock with the damage poten-
tial as may be required.
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Reference A. 29 mentions that the first and second me-
thods of specifying shock tests are somewhat similar and im-
practical of achievement unless the items under test are per-
fcctly rigid or relatively light. The cause of the difficulty is

the reaction of the load on the test machine, that is, the influ-
ence of the shock-machine loading on its shock motions or
spectra. This reaction causes the applied shock motions to
become dependent upon the nature of the equipment under test,
so that, unless large variations are permitted, the test can-
not practically be made as prescribed. The only practical
solution to this problem, according to Reference A. 29, is to
consider specified values of shock motions or spectra as nom-
inal values.

In the specification of a Lest shuck motion, it is con-
sidered necessary to specify both maximum acceleration and
velocity damage because most equipment items co-nrpise com-
ponent structures with a wide range of natural frequencies
having responses to a shock motion which may vary widely
depending upon the ratios of the duration of the shock loading
to the natral periods of the equipment components (Reference
A. 3O). Similarly, in the specification of a shnck spectrum,

it is necessary to specify the spectrum throughout its fre-
quency range.

A number of shock testing machines have been de-
veloped for general and special purposes, particularly for
the qualification of equipment for military service. See, for
example, References A. 13, A. 20, A. 23, A. 24, A. 26, A. 29,
and A. 30-A. 33 and Section B. 7. Among some of the charac-
teristic types of shock s produced with certain of these de-
vices are (1) velocity shOnck or step velocity ch~njcs; (2)

simp!-t shock pulses, such as a half-sine acceleration pulse,
a rectangular force pulse, and a sawtooth acceleration pulse;
(3) single complex shocks; and (4) multiple #'%hcks.

Several devices produce shuck motions having spectra
which are generally equivalent to the spectra that define the
shock used av a bawis fur the design of eqjuipaaent in hardened
construction sites. These devices include the U. S. Navy
high-impact shock machines for lightweight and mediumweight 0

equipment, a medium-impact sand drop table, and a vatS-
pulse drop table.
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The Navy mnachines (Reference A. 29) were developed
primarily to certify naval shipborne equipment for shocks of
the nature and intensity that might occur on board a ship that
is subjected to severe, but sublethal, noncontact underwater
explosions. They are intended to test equipment that will be
secured to or mounted on bulkheads or decks.

The machine for lightweight equipment is used for
items weighing _p to 250 lbs. The machine can apply shocks
along three mutually perpendicular axes (one at a time).
Vertical shocks are induced by allowing a 400-lb. weight to

fall vertically and strike the top edge of the test equipment
mounting plate. Horizontal shocks are produced by allowing
a 400-lb. hammer pendulum to swing through a controlled arc
and strike the back of the equipment mounting plate. The
mounting plates cat be rotated 90 degreev so that the hammtr
strikes the edge of the plate, thereby inducing a shock along
the third orthogonal direction. Typical acceleration spectra
obtainable with this machine for a 57-lb. rigid load and a one-
ft. hammer drop are characterized by limiting displacements
of about 1. 7 in. , limiting accelerations of about 2000 g., and
limiting velocities of about 90 in. /sec. which rise to about
300 in. /sec. near an acceleration of about 500 g.

The Navy machine for mediumweight equipment is used
for objects weighing up to approximately 4500 lbs. This ma-
chine consists princilly of a 3000-lb. hammer pendulum and
a 4000-lb. anvil. The hammer can be dropped from a con-
trolled maximum height of 5. 5 ft. so as to swing around on an
axle and strike the anvil on the bottom, giving it an upward
velocity. The anvil is permitted to travel a maximum dis-
tance of 3 in. before being stopped by a ring of retRining bui.a.
For a 4423-lb. rigid load attached to this device, and a S. S-ft.
hammer drop, typical shock spectra are characterised by a
limiting decelei.ation bound of about 500 g. . a limiting dis-
placement of about 3 in., and a limiting velocity of about 130
in. /sec. which increases sharply to about 600 in. /sec. near
the limiting acceleration of 500 g.

The sand drop machine mentioned above was developed
for the U. S. Air Force for Investigations of shock effects on

airborne equipment. It consists basically of a drop table the
fall of which is arrested by a sand box which forms the base
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of the machine. An adjustable number of blocks, attached to
the underside of the table, penetrate the sand and determine
the magnitude ard duration of the stopping acceleration. The
machines are made of different sizes so that loads up to about
1200 lbs. can be accommodated. The height of free fall ray
be varied at will to a maximum of 5 ft. Thereforc, velocity
changes up to about 18 ft. /sec. can be produced. For a free
fall of 13 in. and with a test load of 150 lbs. , this device pro-
duces a shock spectrum having a peak velocity of about 90 in. /
sec. and a maximum acceleration of about 100 g.

The abovementiored varipulse drop table is a recent
modification of the sand drop table. Carefully shaped lead or
rubber-like pellets are used in lieu o the sand and wooden
blocks to arrest the fall and produce a pulse of desired shape.
Maximum equipment weights of about 40. lbs. can be accom -

modated with this device. Ropresentative shock spectra are
similar to that of the sand drop device. Peak velocity chan-
ges of IS to 20 ft. /sec. can be produced.

It is noted that the size and weight of equipment that
can be tested on the sand drop or varipulse shock machines
are limited. Furthermore, the drop machines induce ver-
tical shocks only, and special equipment mounts must be em-
ployed to orient the equipment parallel to the vertical axes of
the test structure so that shocks can be delivered along other
axes. Several modified drop test machines have been dc-
signed to overcome this mounting difficulty. These include
ramped slides, trapese mounts, and horizontal buff.rs.

It should be recognized that a variety of shock speatr&
are obtainable from any particular machine depending upoz
the mode of operation. The spectra are influeiaced by the
weight of the equipment under test, by the method of attaching
the equipment to the machine, and by the energy input to the
machine, (i. e.. by the height of the hamnse& pendulupt fAll
in the case of the Navy machines or by the height of freoo fall,
including the block arrangement. sand density, or pelleat ar-
rangement in the case of the drop testing machinve). F.ar the
Navy machines, the height of hammer blows should be apoci-

fled so as to provide a shock test spectrum which 04uals or
exceeds the design (ground shock) spectrum througnout _ ..
frequency range. This requires that the height of tle hamitor
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o droF be selected to induce a load velocity equal to or greater
than the specified response-spe.Ltrum velocity. When pre-
paring drop test specifications, the height of fall and the
block and sand (or pellet) arrangements should be selected on
the basis of acceleration requirements; the resulting displace-
ments and velocities will generally exceed specified spectrum
values.

Weight limitations of both the Navy high-impact shock
facilities and the drop test machinpo puse the problem of how
to test large and heavy units of equipment, such as diesel en-
gines and refrigeration compressors. In some instances, this
problem has been resolved by subjecting the equipment to
simple drop tests wherein the equipment is allowed to fall
freely from a predetermined height onto a rigid or resiliont
base. The height of the drop is the height which results in an
impact velocity equal to the maximum spectrum-velocity
bound. The resilien;y of the base against whiui the equip-
m-lent collides determines the experimental spectrum acceler-
ation bound, which should equal or exceed the specified bound.

Selected equipment items have been tested under various
Federal programs for use in hardened construction sites
(References A. 24 and A. 26). Some tests for hardened-site
equipment have usually been performed with drop-type teat
r..achincs (References A. 23, A. 26). For example, in the cer-
tification of certain electrical and electronic equipments for
the Titan Weapon System, two drop testers have been em-
ployed: a sand drop table and a "trapeat" spring drop table
(Reference A. 46). The method of certifying the equipment
consisted basicaly of exposing the equipment to a shock which
hil a shock spectrum that equaled or exceeded a specit,.
Titan groind-shuck spectrum throughout its frequency range.
The sand drop table employed in the tests is basically the
same as that described earlier. The spring drop table cun -
slats basically of a platform which is relt .seu from a prede-
termined height and which is arrested by an assembly of
spring-loaded snubbing blocks. Its shotk motions, or spec-
tra, aro controlled by varying the spring tension and the
height of fall.S|

, Tests have been conducted on equipment to be mounted
upon shock-isolated floors and structures by using spring-
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mounted test platforms or by using the actual shock-isolated
floors or structures (Reference A. 23). With regard to the
Minuteman Weapon Systcrn Launch Control Center, shock
testing of its air-spring suspension equipment platfoazn with
the equipment mounted on the platform is contemplated using
a shock-testing facility at the Air Force Special Weapons
Center (Sections B-3 and B-5). Some experimental studies of
responses of missiles and their shock isolation structures
have been carried out at actual hardened sites. basically.
these studies consisted of displacing the isolation structurci a
predetermined amount by some type of jacking mechanism and
then releasing them so that the responses could be measured
and compared with thenreticai predictions.

A-6. 2 Summaries of Itnormation

Obtained from References

a. Summarv of Reference A. 7

This referenc; presents a section devoted to a discus-
sion of methods and instrumentation used for mnechanical
shock and vibr:%ioi sttdis o'n man end animals. A summary
of the characteristics of shock and vibration machines used
for human and animal experiments, to well a& the ranges of
timt and acceileration obtainable with certain devices. is pre-
sent*4. References are made to papers describing the use of
the nachines for biological purposes.

It is stated in the discussion that the desire to study
the physical. physio!oical. and psjchological responses of
biological specimens in the laboratory under well .controlle.
conditions has Ie'd to the use W4 standard and spectai4ed sbuci,
and vib.ation testing machines for experiments on man &r
animals. An accurato simulation of the enviroomeata con-
ditions to which tnan is exposed freauenty is it fe;|ibal for
technical and economic rexaons nr may vven be undesirable
because of a need for more systematic investigation under
somewhat simplified condition. Thus. most investigations
are limited to a study of a single degree of freedom at a time
in which the human tWet speciman is vibrated only in oune
direction. Many fundamental studivs aro performed with
sinusoidal forces. Usually niechaMtcal and electrodynamic
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shake tables are employed :or this purpose. Requirements
for all shock and vibration machines include: adequate safety
precautions, safe and accurate cont;cl of the exposure, and
sufficient load capacity for subject, se.tt, and inatrurenta-
tion. Since the law of superposition is valid only in a linear
physical domain, sinusoidal forces alone are not adequate for
the study of non-lintar physical responscs or physiological
and psychological reactions to complex force functions.
Therefore-. some of the machines listed are designed uniquely
for exposure of humans. One vertical -- lerat, for ex-
ample, employs a friction-drive mechanism to permit the
simulation of large -amplitude uillusoidal and random vibra-
tions, such as those encountered in buffeting durine tow-slti-
tu.de, high-specd flight or anticipated during the launch or
reentry phases of spacecraft. This device can be programmed
with accleraton recordings obtained under actual flight coit-
ditions. Other machines for the study of human tolerance
to ejection from high-speed aircraft (ejecUon e*-t# b-eup-
wr.rd or downward acceleration tracks with sliding seats pro-
jected by explosive charges. Horiaontal track* with rocket-
propelled sleds which can be stopped by special braking me-
chanisms have been used to study the effects of lineas decel-
erations similar to those oieurring in automobile or air-
craft crashes,

b. Summary of Reference A.8

See Section A-4. 1b.

c. Summary of Rererence A. 10

See Section A-4, ,

d, u.mrntary of Reference A. I)

This rmerence caensins a section de Ated to a disces-
sion of shock testing of equipmnt for hardened construction
sites.

It is stated that it is usually possible, in tonnetmag
equipment to a structure, to arrange to have the connecting
elements provide Some flexibltity ot deformability so as to
permit the e!ement to experience a lower acceleration %an it
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would have if it were connected through a rigO connection to
a moving base. Because of the wide variety of mounting con-
ditions, it is desirable to investigate the behavior of the equip-
ment system, including its connections, preferably by means
of tests of a staudi.±rdized nature. involving subjecting the
equipment and its typical mounting to a shock input similar to
that which might be experienced under practical conditions.
Such shock testing can be done with equipment in government
laboratories or on shock tables or other similar items of
shcr.k te,,ting equipment. and the design of equipment &P-1
mounting config.ations is best carried out with a trial and
error procedure which involves retesting of such items until
a satisfactory solution is achieved for a standardized type of
input. Usu~tly this input is stated in terms of a particular
kind of velocity-time relationship for the base plate or part of
the structure where the equipment and mounting are to he at-
tached.

It is also stated that shock testing of items, Inclutting
both the equipment and typical mountings, can be performed
on the high-impact shock-testing machines at the Naval Re-
search Laboratory, and the results woiuld be applicati. to the
situation in a structure tubjected to an earth shock provided
t~at the shot. input on the shock-testing machine leads to a
response spectrum isiinilar to the response spectrom from
the gv-nund shock environment.

It is further stated that, in order to uje the data on the
high-impact shock -testing machines for the purpose of investi-
gating the behvlor of equipment subjected to ground shock in
a protected structure, one must &scertain that the hind of
motion of the shock table corresponds to the nttoA of the
structure guLiacted to grauod shock. It is Outuiont, how-
ever. %hat the response speatra for the two hinds of shock in-
put be similar. Uf they are reasonably similar it% shape and
magnitude. then the resuilts of the shack test An be used W~
de~iignlng equipment for field conditlons. If they are differ-
ent, then it m~ay be ptasible still to us* the data to investi-
gate the vulnerab.iity to *hock of the item of equipment. and
of its mounting, by derivin~g from the avaei~ble shock -test
data the c'nmhitiatioas 'oi frequency and either velocity or ac-
coloration which produce damage to the particular item of
equipment. %uch analyse of available shock data have wot yet
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been made except in isolated cases.

e. Summary of Reference A. 17

See Section A-4. Zk.

f. Summary of Reference A. 20

This reference presents a discussion of shock testing
and shock-testing machines with emphasis on those machines
which can simulate the effects of the design ground shock
environment. Several wave forms (shock pulses) generated
by different devices are presented. Each of the wave forms is
nassified as being one of three general types: velocity shock,
simple shock pulse, and single complex pulse. The influence
of shock-machine loading on output characteristics is die..

cussed. Several of the standard shock-testing machines used
most frequently in validating equipment for underground pro-

tective structures are described in some detail. These include
the U. S. Navy High-Impact Machines for Lightweight and
Mediumweight Equipment; a Medium-Impact, Variable-
Duration. Shock-Testing Machine; Plastic-Pellet Drop Tables;
an Inclined-Plane Testing Machine; and the Hyge Shock tester.
Improvised shock tests are also discussed. It is mentioned

that, if a shock test spectrum envelopes the design spectrum
at all frcquencies, presumably the equipment will withstand
the aervice shock successfully.

g. Summary of Reference A. 23

This reference presents a section devoted to a discus-
sion of shock testing of equipment for hardened facilities.

It is mentioned that the shock capabilities of equip-
ment for hard rites have been determined by two principal

methods in the past: (1) dynamic analysis .ad (2) shock test,
usually with a drop-test machine. IL Is also mentioned that
relatively inexpensive tests have been pas formed on equip-
mlit to he mounted upon isolated floors and structures by us-

ing spring-mounted test platforms or by using the actual
shock isolated structure.

It is stated that, "shock tests using the machlikes which
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are presently available are less than satisfactcry for a num-

ber of reasons. The first is that they do not reproduce the
environment. The present-day machines frequently subject
the equipment to a step-velocity disturbance."

"Step-velocity pulses penalize both low and high fre-

quency systems. The high-frequency systems are penalized
because there is no limit on the acceleration which cart be
imposed on them. "

"More and more, machines are being used which pro-
vide an acceleration ramp prior to the constant velocity por-
tion. That is, a short period of acceleration precedes the
constant velocity. These types of pulses can penalize low-
frequency equipment rather severely, since low-frequency

systems see the pulse as a step velocity even though there
may be a ramp in the pulse. "

"The principal parameters which an acceleration-
rtamp-velocity iulou of a ahock machitne should have can be
determined from the shock-response spectrum of the environ-
ment. The acceleration ramp has the acceleration value of
the spectrum constant acceleration line and the maximum
shock-pulse velocity should equal the maximum spectrum vel-

ocity. In most ground shock situations, there will be verti-
cal and horizontal ground motions occurring simultaneously.
Properly speaking, a shock machine should deliver distur-
bances to eqipment along several axes at once. In order to
do this, the shock-pulse parameters should be obtained from
a vectorial addition of the vertical and horisontal ground
shock spectra, and the equipment should be mounted in the
machine at an angle so that the shock is applied along sever-
al axes simultaneously. Unfortunately, this appears not tt.
have %eon done in the past. which seems to be uncnnserva-
tive. Instead. the equipment has ;een subjected to the shock
along each prin.ipal axis separately which -,y not be equiv-
alent to a simultaneous application along several axes.'

h. Summary of Reference A. 24

This reference contains a sectio'n describing several
shock-testing facilities which produce shock motions having
spectra generally equivalent to typical ground-shock design
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* spectra. These facilities include the U. S. Navy high-irn-
pact shock stands for lightweight and mediumweight equip-
ment, a sand-drop shock machine and a varipulse shock ma-
chine. Representative shock spectra for these devices are
presented, and methods of specifying shock tests are dis-
cussed. These methods include the specification of shock
motion, spectra, and shock machines. Improvised shock
tests are also discussed.

i. Summary of Reference A. 26

This reference describes shock-testing procedures and
testing facilities used by Westinghouse to certify equipment
for the Titan Weapon System. The rethod uf performing the
tests consisted of exposing the equipment to a shock which had
a spectrum that equaled or exceeded a specified Titan ground-
shock apectrum throughout its frequency range. To produce
the necessary shock specbtum, two drop teste. s were em-
ployed: a sand-drop table and a "trapese" spring-drop table.
The sand drop table consists basically of an equipment
moun4ag platform which is allowed to free fall onto a bed of
sand. An adjustable number of blocks attached to the under-
side of the platform penetrate the sand to arrest the tall. The
shock spectrum can thus be controlled by varying the number
of blocks, the density of the sand, aid the height of the fall.
The spring-drop table consists basically of a platform which
is released from a predetermined height and which is ar-
rested by an assemoly of spring-loaded snubbing blocks. The
shock spectrum can be controlled by varying the spring
tension and the height of fell.

j, Summary of Reference A. 28

This report briefly describes the p rposes, design
principles, motion capabilities, and control and safety fea-
tures of some forty facilities designed to b dy the effects of
linear and angular oscillations and of abrupt acceleration on

* human safety and performance. Some focilitles presently
(1961) under study but not yet built are also included. Photo-
graphs or schematic drawings of the design are presented for
those devices for which they are available. The report in-
cludes the geographical locations of the facilities and the con-
tact point for obtaining further information on each.
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In general, only devices built specifically for human
factors research and which have been used for this purpose
are listed. Only a few devices are listed which have been
used for animal, dummy, or equipment tests rather than for
tests on humans. These are listed because of their potential
interest for experiments using human subjects.

A brief survey of the characteristics of most of the
devices described is presented in a summary chart on oscil-
lation and impact devices. In this chart the devices are
grouped according to their motion capabilities. The described
motion capabilities include: (1) vibration in a vertical line;
(2) vibration in a longitudinal line; (3) vibration in both a
lo ik.udi,|al and vertical line; (4) vibration it& a vertical,
lateral, and longitudinal line; (5) rotation in a horizontal
plane and in one vertical plane; (6) rotation in three planes;
(7) linear vibration and rotation combined; (8) sustained ac-
celeration and linear vibration; (9) sustained acce~qration,
linear vibration, and rotation; (10) rotation in a horizontal
plane and in one vertical plane; (11) rotation in three planes;
(12) linear vibration and rotatiun combined; (13) sustained ac-
celeration and linear vibration; (14) sustained acceleration,
linear vibration, and rotation; (15) impact or abrupt accelera-
tion in the vertical diectilow (16) impact or abrupt accelera-
tion in the horizontal direction.

According to the data in this reference, the mazimm
acceleration obtainable with a certain oscillatory device is
about 10 g. in the high-frequency range up to 2000 a. p. a.
The maximum acceleration obtainable with the oscillatory de-
vices generally decreases as the frequency decreases. In the
frequency range from about 8 to SO c. p. a., a certain de-
vice can deliver up to IS 8. In the low-frequency range be
tween about one and 8 c. p. a., certain large amplitude de-
vices can deliver accelerations in the order of 3 to S S., and
even higher above S c. p. a. Certain devices ° r simulating
angular motions in roll, pitch, and yaw can produce avtar
acceleratons o. the order of about 18 to 20 rad. Inc.s
Certain impact or abrupt acceleration devices, mainly drop
towers, can deliver about 40 to 50 g. for duration* from
about 5 to 10 masc. Other devices, mainly rocket sleds on
tracks can deliver about 80 to 100 g. for durations to the
order of 10 to 1000 msec. In general, the acceleration
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49 obtainable with certain impact and abrupt linear accelerators

(as well as decelerators) decreases as the duration increases.

k. Summary of Reference A. 29

In this reference, descriptions are given of the Navy
High Impact Shock MP-chines for lightweight and rnediumnweight
equipment. Shock motions are given for standard loiading
conditions in terms of acceleration. velocity, and displace-
ment-tirne relations. Maximum values of velocities and dis-
placements, and of accolerations passed by various low-pass
filters, are presented. Shock spectra are presented for se-
lected conditions. Concepts relative to the specification of
shock tests are considered. Thelge Include brief considera-
tion# of analyses of shock motions, methods of specifying a
shock test. and what is meant by siinulatio.. of field condi-
tions. It is indicated that shock tests should not be specified
In terms of shock motions, or spectra, unless the values
specified be considered only as nominal val-ios.

1. Summary of Reference A. 30

This reference provides descriptions of existing types
of shock testing machines and comments on their use. Also
presented awe a discussion of the damage process in equip-
ment subjected to shock, ant analysis of various shock motions
and the resulting respnses of equipment to Indicate aeiquiro-
monts of a shock testing machine for isimulating various types
of shock occurring in actual service, and the possibilities for
Improvising shock tests as a substitute for tests on standard
testing machines.

mn. SummarX of Reference A. 31

This reference presents a summary of shock -tiachine
characteristic,. and describes some 25 existing machines. The
machines are grouped an% d ascribed according to the types of
shocks they produce, *. g. , velocity shocksc simple shock
pulse. suach as a half-ine or rtctangular farce pulset. single
complex shocks: mualtiple shocks, etc. A summary tabula-
tion of the devices is presented, including several output
characteristics. Methods of specifying a shock test are dis-
cussed, namely, (1) a specification of the shock motions or
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spectra to which the item under test is subjected, and (2) a
specification of the shock machine, the method of mounting

the test item, and the procedure for operating the machine.

n. Summary of Reference A. 32

This two-part report includes a listing of shock-testing
equipment in government establishments. In Part I are listed
Army, Navy, Air Force, and non-military establishments,
the items of test equipment which each possesses, and same
information on the performance capabilities. Part I lists the
performance capabilities of certain arbitrarily chosen, com-
mercial rangc of equipment.

o. Summary of Reference A. 33

This report describes some Z5 shock testing facilities
available at the Naval Ordnance Laboratory for si-nulating the
shocks experienced by various types of ordnance items (mines,
torpedoes, and guided missiles, for example) under actual
service conditions as well as under handling and shipping. The
capabilities and limitations of the equipment are presented.
The types of equipment include air guns, drop testers, rotary
testers, and rough-handling machines.
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SECTION A-7

CURRENT TECHNIQUES USED FOR SMOCK ISOLATION

A-7. 1 Discussion and Evaluation

a. General

Current techniques used for shock isolation hava been
investigated as summarized in this section. TNo basic iso-
lation methods are considered to be applicable In providing
shork protection for the contents of hardened structures: (1)
Shock Isolation Systems and (2) Protective Cushioning Mater-
ials.

Siock-iaolation systems consist of such arrangements
as interior platforms and interior structures eiLer mounted
en springs connctuted to the base of the structure or suspended
from the roof of the structure by means of pendulum springs.
Individual shock mounting or suspension of individual items
of equipment is also used. Shock-mounted and suspended
platforms and structures serve to support bnth equipment and,
personnel.

Protective cushioning materials are considered as an
alternate method of providing shock protection for personnel.
This consists of energy -absorbing materials used as a floor
or wall covering, etc.,* to protect personnel subjected to
impact with the structure dikring the transient ground-shock
motions.

Depening on the pressure level and personnel a"a
equipment tolerance criteria, a combination of the two Isola-
tion methods may be utilized. For eaample. equipment could
be mounted ou a separate isolated platforn &nd protective
cushioning material provided in the personnel areas. For
small structures. separate shock mounting of individual
Items of equipment may be appropriate.

pertinent data concerning the two protection methods
were reviewed as summarl &ed in Sectiob A-?. It. A brief
discussion of this information is presented below. The

A-101



applicability of these shock isolation methods to civil defense

shelters is presented in Chapters V and VI.

b. Shock Isolation Systems

Several types of hardened military sttructures have been
provided with interior shock-isolation support systems, e. g.,
missile silos, launch control centers, combat operation cen-
ters. etc. Examples of such systems are reported in Refer-
ences A. 20, A. 23, and A. 34-A. 39.

For shock protection of missile systems (Atlas, Titan,
Minuteman. etc. ), the shock-isolation support system ;orna-
ronly utilized consists of a pendulum suspension arrange-
ment. The struts of the pendulum contain a vertical spring to
attenuata vertical accelerations, and the pendulum motion
provides sufficient flexibility to attenuate horizontal acceler-
ations. In some cases, horizontal damping devites are used
to -tamp out the pendulum oscillations and to provide stability

where necessary. The vertical aprings generally consist of
helical compression springs mounted within the vertical
struts. Other types of vertical springs used or considered are
air springs and liquid springs which are also mounted within
the potkdulum struts.

The pendulum suspension systems are generally of

low frequency in the vertical as well as the horizontal direc-
tions resulting in ai ge displacements (equal to peak shock
spectrum displacement). Raie space equal to this peak
displacement is provided around the interior suspended struc-
tur- between the interior structure and the concrete shell.

lendulum suspension systems have also been used to
isolite -*her hardened structures, such as missile launch
control centers and combat operation centers. for these
structures, equipment to be protected is mou ,%ad on the sus-
pended platforms. These platforms also support personnel,
Other types of isolation systems used in hardened facilities
%:onsist of spring b~een and helical compression springs used

as a base mouhtin$ for platforms and individual equipment
items. Horisotal helical compression springs are used tW
provide satability for tall equipment items. Overhead items,
such as fluorescent light., are suopded by helical tension
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springs attached to the ceiling.

For the ground shock motions considered in this
study, coil springs would be practical for satisfying required
spring rates and displacements (Section B-3). Non-linear

springs would not be advantageous for the displacements being
considered (Sections B-3 and B-5).

Air springs are advantageous for very large displace-
ments (above 2 ft.). For displacements in the order of a to
1-1/Z ft.. helical compression springs provide an effective
design. The disadvantages of air springs are (1) reduced re-
liability due to leakage problems and (Z) difficulty in testing
(Section B-3).

Methods of analysis for the various types of shock-
isolation systrns are presented in References A. Z0. A. 35
and A. 39.

c. Protective Cushionini Materials

The principal uses of cushioning materials for the pro-
tection of personnel against Impact injury have been in auto-
mobiles and airplanes. Some use has been made of these ma-
terIals In athletic equipment In various forms. Ensolite (a
flexible polyvinyl chloride foam) has been used extensively as a
cushioning material for boxing and wrestling rings and gym
mats. Protective clothing, such as helmets, padding and
shoes, has been used by athletes as well as military personnel
The value of restraining dovices, such as lap and euleukter
belts, etc.. has been well demonstrated in automobile crashes
and in aircraft accidents. Cushioning materials have also w en
used to some extent for the padding of dashboards and other
hard surfaces in automobiles and in aircraft to protect a-
gainst human impact injury.

Few test data are available regarding the effectiveness
of cushioning mateimis tn preventing injury to human beings.
Some general qualitative information is available from exper-
lance in automobile and airplane crashes, but specific quan-
titative data are lacking. It has been found that restraining de-

* vices (seat belts, shoulder straps, etc. ). protective Clothing
(betmets. torso girdles, etc.) and padding of corners and
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hard surfacces, are all effective means of reducing injury from
impact of the human body in crashes (References A. 7, A. 41
and A. 42) and are recomm~4 ended for use in nuclear blast shel-
ters (Sections B-4. B-5. B-6, B-7, and B-8).

Most of the work performed on padding and energy-
absorbing materials has been in the field of packw.ge curihier..
ing. The need for protecting stcisitive items during ship-
ment (in iaisicular. expensive guided maissile components and
eluictronic instruments) has spurred considerable research in
the field of package cushioninig materials and methods of de -
sign (Reference A. 40). At the present ise, data on cushion-
ing materials and design procedures for equipment are rela-
tively well r stabli shad as shown in Reference A. 40.

Similar procedures may be used in the design cf pad-
ding for personnel. The major difficulty in designing for per-
sonnel protection is the lack of impact tolerance data In
terms of allowable stress or "g" loading. Information that is
available on personnel tolerances has been reported either as
an impact velocity or as an impact energy o~t a hard flat sur-
(ace (see Section A-4 and Reference A. 10) primarily because
of the difficulties Involved In obtaining at"a~ stress dat.
These data are not directly applicable to the design of padding.

However, somwwhiat arbitrary but safe estimates of
impact shock values for the human sksAll have been used for
evaluating padding %Referonce A. 4)). The values are liven
in terms of acceleration, rate of acceleration, pressure, and
impulse.

A wide variety of twargy -absorbing materi~it are
avail~ble for use as protective padding (Reference A. 40). The
general classifications are flexible (flexible or resilient) and
riglid (crushable,. For padding iii shelters, the elastic Mater-
ial are the o*lY suitable type since the non-elastic materials
are appropriate for a single impact only. Amnong the most
sutabl material.si te 1 plastic foams# including polyvinyl
chloride foams (Ensoilte), flexibla polystyrora fo~ths. poly -
urethane foams. and polyesbylene foams, latex hair, and foarn
and spofte rubber. The more elastic matorlils, ouch as the
latex foams and sponge rubber. are less desirable because
of their poorer entrlt-absorbing properties. Nets or
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inflatable materials may also be used (Section B-6).

The requirements for protective cushioning materials
in blast shelters are based principally on the possibility of
personnel being thrown about in the structure and being sub-
ject to injury when striking hard surfaces and sharp objects.
Procedures for establishing the need for cushioning are pre-
sented in Reference A. 39.

A-7. 2 Summaries of Information

Obtained from References

a. Summary of lReference A. 7

In addition to the information presented on shok tol-
erances as disLussed in Section A-4, some data are also pre-
sented on protection methods and procedures. Most of these
data are not related directly to the ground-shock roblem.
The pertinent infornation is summarised below.

Protection of man against mechanical forces is ac-
complished in two ways: (I) Isolation to reduce the tranemns-
slon of the forces to the man and (2) increase of man's resist-
ance to the forces. Isolation systems involve the use of
springs or similar isolation devices, such as elastic cushions.
Human resistance to mechanical forces is strongly influenced
by seliecting te luier body position with retard to the antic-
ipated direction of forces. Man's resistance to mechanical
forces can be increased by proper distribution of the forces
on the body. This is best accomplished by supporting the
body over as wide an area as possible. Whenever posetw;..
the bony regions should be loaded to nake use of the rigidity
available in the human skeleton.

Restraining a subject in a eat reduces the chance of
injury by preventing tmpact with other objects. The loads
imposed must be diotributed over fs wide a body area as pos-
sible to avoid #:oncentratios of force. The load* should be
transmitted as directly a* possible to the skeleton, prefer-
ably to the pelvic structure-and not through the vertebral
column.
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A rigid envelope .irotnd the body prodo..tes the maximum

possible- protection by prwvventiikg deurnia..i(n.

A majior daiigtr isth ; j^s.U' iiipact withi We& interior

of the structut c. Prt.truciing and . aily loosened object.l
should be avoided.

Proper head supjxurt is desirable to preve~nt meek injury
from abrupt accelerations.

Lanp helt'. art e irabl. t(, fix occupants to a seat to

prevent their being hurled aibout. From auto and airplane
crash stuiv3e. it was fuund that thr helt load on the lower ab-
donmen causes nio servere iritra-ahA-mnal injury nr injury to
the lower spintl rtigit. .thfzoi'r salty ia obtainable by
distributing tht timpait load -. !argar arfoas of the body and
fixing the body more rigidly in a sk at. Preening the body
from flailing 4bw~it is aso, impartant. Fur these p...iposes.
addliioal suapports, such as shoulder straps. thigh straps,
ciient straps, and hAnd hold* *rv offectivo. Flexible restraints
should be avoidad if impart with tho strutu're interior is pus-
siblo.

With regard to ovat cashiots for upward-tjecuon sam,
a slow -tosp-4ndantl K4Am plastic with a thicktness of I to 2. 5
inches is satisfactory. This arranovmvnt distibuates thet load
uniforinly and comfortanlT ovor zA wai-dv isrv of the body.

Protection of the head against impact in~jury It ef15cc-
lively providtd by pratective hvitt The impact-redacifts
properties of prfatetc holmets mmc based an t*o priciple.,
the distribution of th* load 6or a large area Wf the skuall &ft
tha Interposition ofat gboI~n oyotens. This is a.-
tomfplished by using a hard shell uhich is suspendied by pad.
ditig or support *'bbkna As somne dist~nce Ironi thve head, Hi1gh
local to*,cee *TV mljtribmwld ottr the atitire iiit. of the head to
which the bltft iA applid. Itaavv4er. it "o~b been she*wtha
the web a seponikios %itually prumidet fa lwttcc pressure distit-
ttooMao thia vob'aoc t p44thnf. A atbntsno web or
strap suspension aoAi cat; $4dflit% i* desirable to obtain
aiptlinans proliccuot &ith l~.slippase of the hlmetnt.

roam plauta11. i*,ack 1%4 Plysvree And .Solie are
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eficctive energy-absorbing materials whereas foam rubber and
clit are tou el stic toc absorb a blow.

Impact energies (f from 400 to 900 in. -lbs. are re-
quired to produce skull fractures on a hard flat surface. (As-
sumed a.e rage cnergy is 600 in. -lbs. ) Impact with a 900
c- rnrr r.qurQ, only onet-tenth of the energy (60 in. -lbs. ) for
skull fracture. The form, elasticity, and plasticity of the
object injuring the head is of extreme importance. Dry skull
preparation* reqtre only ZS in. -lbs. to produce a fracture,
indicating the protecon afforded by the attenuating properties
of a small aniuont of fcalp tissue,

h. Summiary t4 Rvivro-iiev A. 10

Thio report contams data on the eserlies required to
cause gracture ot the human skull or concussions. Fractures
on a hard *vt face are produced by 100 to 900 in. tbs. energy.
As long as the impact enerly is kept below 400 in. -lbs. , con-
cussiun will not occur. With 900 sharp corners, ely 60
in. -lbs. of energy would be required to produce a fracture.

c. Sumnisry of Relerence A. 20

This report presents procedures for the aualysis of
shock isolation systems. Linear and nw-linear systems for
silel-4eiree and multi-degree-of-freedom systems are con%
sidered. Effects of variiuous in Isolation system design par-
mvtors are discussed. I%* influence of practical operationa

contideritions on the desit 4 shock isolation systems and
an thr *eCion of thiair enmnpo*Uets is reviewed. factors
modifying coupling and resonance characteristics, the v.ig. t .
ictaoe t dtmpin# ad suffitienit ratte space, a means fto
redacitt th- possible efet-6t of iacertail features of the
shock are pal nUd out ad di"sused.

d. Samnary ofl eforeaceA. i

Thit repot 41 a-u b* movtods of obtaining shock ito-.
1MutO wiltin a h rdened facility from the effectw of transient

Sroutn shock. Discussed in porticula &e: isolated L c-
t.rva. usuh as isolated areas &nd floors isolated equipment.
inclfdte several It#"* rigidly "outed to a cOntnft shock-
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isolated floor as well as items isolated individually; arid re-
silient free-standing structures supported at their lower ends
and more or less similar in construction to ordinary frame
structures. It is reported that these methods oi isolation are
by no means equally appropriate for a given set of circutn-
stances and that the, methods can be matched to the shock en-
vironmnent in the following appropriate manner:

Shock Envi.ironment Method of Protection

Mild Resilient Free-Standing
Structurvs

IUulateci Equipment

1.4w Medium Isolated Equipment
Shuck-Mountvd Floors

Hillh Medium Shock 44ouiited tiours

Shock-Mounted Cribs

Severe Shock -Mounted Cribs

It is repot ted that this table shouild be used as a gold.
only and that there Is no Intforataion which wouald allow the
assignment of quantitative data to the table.

The advantages and disadvantages at the above noted
mevthods of achieving shock isolation are discussed In the
report.

It in rtpoted that shiock moianwed floor~s have boom
spring eontti in a varioty of ways in the pikst soma of
wvhich are:

A. Ilmi spring. gravity pendualuma strut., (Titan 1.

b. Pnimatur spring. travity pendu,%im ittult

C. F1wa.- suspended by gravity petidi'ulft reds at.
theA to oPewbvad spring boimt (1tw 11.

d. Muto supported frosa balois by topring btamit antl
l~wavity pitndolum rod.

a. Flw;. supported from belpiw: imfticallt by spring
beams and huritanially by coluns bI'twevis the



* spring beams and the floor (Titan I).
f. Helical springs distributed beneath the floor

(Titan I).

Crib structures have been spring mounted using pen-
dulum struts containing helical and pneumatic springs.
Pendulum lengths up to 60 feet have been used to minimize

the induced dynamic bending moments in a delicate, vertically
stored missile. If the height of the crib is greater than sev-
eral stories, some additional shock isolation possibilities
exist. For instance, the structure might be suspended by
long rods of alloy steel if the shock environment is mild.
Just the stretch of the rods may provide sufficient resilience.

If the rods prove to be too stiff, additional r~silience might
be obtained by attaching the rods to a flexible beam on the

crib structure. Horizontal isolation is obtained from the
pendulums action of the rods.

e. Summary of Reference A. 34

Some of the problems associated with the protection of
missiles, launch control equipment, and miscellaneous hard-
ware in hardened undergrnund structures are discussed.

It is stated that the missile may be suspended on pen-

dulums, soft springs, or other devices which, in effect,
allow the silo to move around the missile. If the suspension
system is made very soft so as to reduce the loads, the
relative displacements between the missile and the silo may
become excessive. Load and displacement are, therefore,
two criteria that must be satisfied for a suitable desipn.

It is pointed out that the launch control center pre-
seats problems similar to those encountered in the design of
the silo. Eouipment and personnel quarters must be pro-
tected from vihu.. Rather thai attempt , isolate each
piece of equipment individually, it may be desirable to mount
entire floor slabs on springs or flexible columns. The
proper design of such a system is complicated and requires
an analysis in which the dynam'c characteristics of floor
slabs, springs, and equipment must be taken into account
simultaneously. Each part must have suitable streig th and
stiffness so as to limit the shock transmitted to the
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equipment but not permit structure failure or e.cessive rela-

tive displacements.

It is stated that piping within the silo may be subjected
to sufficiently high loads or displacements to cause leaks or

breaks. Connections of pipes and conduits to equipment as
well as the protection or ruggedizing of equipment for shock
are also areas of concern.

f. Summary of Reference A. 35

This paper deals with the free vibrations of a vertical
and horizontal suspension scheme, applicable in principle to
the shock isolation of entire floor systems. The purpose of the
investigation was to study the significance of flexibility of
floors relative to that of their isolation supports. The suspen-
sion scheme analyzed for vertical vibrations consists of a
beam simply supported on linear springs. The scheme anal-
yzed for horizontal vibrations Is a gravity-type pendulum con-
sisting of a beam simply supported at both ends by means of
hangers.

General approaches of obtaining shock isolation within
a harden.d, buried structure are discussed. It is stated that,
"on the one hand, there ts the conventional approach of shock
mounting individual equipments relative to the primary struc-
ture (this reference does not mention personnel protection).
On the other Is the fairly novel approach of effectively isolat-
Ing the primary structure relative to the surrounding medium.
Somewhere in between these extremes to the possibility of
shock isolating entire floor systems within the primary struc-
bare, thus permitting equipments to be hand-mounted to the
floor. "

ohe following conclusions are drawn in this reference.
"We have considered the motions of two gnera) types of sus-

pension schemes applicable in principle to the shock Isolation
of entire floor systems as mtight be employed in a hardened
military facility. The purpose of the invtstigation wan to
study the significance of fl Ohilhity of the floors relative to
that of their isolation supports. A representative scheme for
isolation in the vertical direction was analyzed as the toasis
of a beaim simply supported ott linear spring mounts. It was
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found that the motion becomes predominantly that of a flexible
beam on rigid supports as the stiffness of the beam approach-
es that of the supports. For a predominantly rigid displace-
ment motion of the beam it is necessary that the beam stiff-
ness be at least 2. 5 times as great as the support stiffness. "

"A representative isolation scheme was analysed on the
basis of a beam suspended at either end from a gravity pendu-
lum. The approximate theory developed leads to a system of
two non-linear equations whose free vibrations, in certain
sense, are found to be either stable or unstable depending on
the magnitude of the initial conditions and the ratio of the
simple pendulum frequency to the frequency of the beam.
Stable vibration is one in which the motion in the beam and
pendulum modes is periodic In the usual sense. An unstable
vibration is one in which complete energy transfer takes placc
between the two modes. This phenomenon has been observed
in other non-linear systems and has been termed autopara-
mutric excitation. One critical case of instability occurs when
the beam (floor) frequency is twice that of the pendulum. A
numerical solution of the non-linear equations shows that about
150 cycles of the beam oscillations and 75 cycles of the pendu-
lum oscillations takes place during one complete cycle of en-
ergy transfer between the modes."

"Admittedly, the quantitative results obtained may be
of little direct importance to the designer of isolation schemes
because of the idealizations involved in the analysis. Thus,
the mechanical details of actual floor suspension systems
were grossly idealized, only free vibrations were considered,
and no account was taken of coupling between horisontal bnd

vertical motions. Nonetheless, it is believed that the foil'.
ing important points have been demonstrated, if only in a
qualitative fashion."

I. "Unless the various natural frequ.ncies of a floor
system exceed those of the isolated supports by at least a
factor of three or more, the actual motions of the floor will
be of an extremely complicated nature. Ruporience indicates
that floors designed solely on the basis of strength may not
saUty this requirement. In such instances it is naive
indeed for the designer to believe that the motion (i. e. , die-
placement, velocity, acceleration) of particular points of the
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of the flnor is characterized by linear-single-degree-of-freedom
equatit')ai, such as would be the case if the floor were ideally
rigid."

2. "As a corollary of the above, it is evident that the
more accurate a prediction of floor motion desired, the more
detailed must be the specification of shock input to the system.
The usual shock spectra, for example, generally would be
inadequate for such purposes."

3. "The pendulum-type suspension system possesses
certain peculiar types of motion which heretofore probably
were unknown to designers. These motions (e. g., complete
energy transfer between modes) may be found to be deleter-
ious to the intended function of the isolation design."

4. "Where motions of the floor are considered critical,
it would appear that a detailed study of the modes aud natural
frequencies of the floor system is a required design task. The
techniques for frequency analysis of composite structures as
would likely occur in actual floor designs are k nown, but they
involve rather laborious detail even in the relatively simple
designs. i
g. &immary of Reference A. 36

This paper reports on some hardware (isolators) and
missile and antenna isolation syst ,s, including protective
mounting of miscellaneous items of equipment by reference
to developments for the Titan weapon system.

It is reported that, based on specifications in terms
of a ground-shock response spectrum for both vertical and
horiontal motions, very soft isolation systems, both ver-
tica'ly and horisontally, had to be selected in order to peo-
tect the missile. The required spring rate for ,ertical motions
was 30, 000 lb. /in, to support a mass of one million pounds
with a dynamic deflection of one foot. The 6pring rate re-
quired for horisontal motions was about 1400 lb. /in. with a
dynamic deflection of one foot. To achieve the low vertical
spring rate, an air spring system was selected after consid-
oration of chemical elastomers, air springs, hydra springs,

and mechanical springs. A single air cylinder did not give a
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linear spring rate (required to utilize the shock spectrum), and
a double-chambered air cylinder was designed to meet the
linearity requirements.

To take advantage of the depth attenuation1 of the shock,
it was considered desirable to pick the lowest point possible
for the attachments of the isolating elements, but this resulted
in the missile being unstable in pitching since the C. 0. of the
entire system fell appreciably above the attachment points of
the isolating elements on the crib. To obtain pitch control, a
method was devised to cross-couple the vertical cylinders.
It is pointed out that pitch restraint, in addition to insuring
stability, also limits rattle space, which in turn. contrnfrn

the missile nize.

As this design proceeded toward a completion, new
shock data became available as a result of further nuclear
tests. These data reduced the shock spectra in .;ie pertinent
frequency range by factors of 2 to 4. 'Agreement was also
reached among knowledgeable people that the silo moves essen-
tially as a rigid body restrained at the bottom. Therefore,
while depth attenuation is still a factor, it was considered not
to have as great an influence as was thought in the beginning.
In order to take advantage of the new shock data, some changes
were undertaken in the missile isolation system. Specifically,

the air springs were replaced with stiffer helical compres-
sior. springs, permitting deletion of the pitch control."

It is pointed out that, "at this time, mechanical springs
(for vertical and pitch Isolation), housed in appropriately
spaced pendulum 6hrme (for lateral oscillation) attached near the
C. 0. (for maximum use of the stabilining force of grarity:.
offer the least expensive, most reliable isolation for a system
requiring a high degree of shock attnuation. This particular
scheme was ineorporated in the isolation system for the an-
tenna system.

In regard to the Titan launcher and antenna systems,
It is reported that service equipment, such as utilities locks,
and electrical and electronic equipment, the counterweight
and drive systemn for the launcher platform, etc., is
mounted on underground structures.
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A special problem was encountered ir the mounting
of the launcher drive and counterweight. Both items are geo-
metrically large and very heavy, the drive weighing about
100 kips and the counterweight Z50 kips. Their mountings
were designed to resist the normal operating loads, both in
regard to magnitude and direction. According to the shock
spectra, the relative motion associated with a load corres-
ponding to the operating loads was so large that available
rattle space was insufficient. A special isolation system
(pendulum struts incorporating mechanical springs) was de-
signed. A mechanism was then required to lock out this
isolation system during normal functional operation.

The hardware that car match spring constants from
the softest to the stiffest are reported as follows: ala springs,
hydro-pneumatlc springs, mechanical springs of all types
(such as helical springs, Belleville washers, and torsion
bars) hydra springs, and finally, solid bars. It is stated
that, "of course, in a design it is net only a question of
spring rate but also of required displacement, and both fac-
tors determine what specific hardware should be selected. "

This reference states, in summary, that "shock iso-
lation at hard bases is a function of shock level, manner of
specification, and equipment capability. Selection of shock
isolation hardware must include considerations of the effect
of failure, reliability, and cost. Different hardware results
for any particular group of the above factors.

h. Summary of Reference A. 37

This reference pres-onts a resume of some methods 4f
Isolating an interior structure from ground shock, Including
photographs of some typical Installations. Illustrated are
the use ot rubber shock mounts for the shock isolation of
pipes and cable trays and the use of coil spr~..ge for mounting
a cluster of pipes and lighting fixtures.

Also illustrate is a type 0f shock Isolation which Is
useful when equipment on a lower level is sufficiently rugged
to withstand the ground shock and only an upper level needs
to be protected. The upper floor is Isolated by means of
spring beams, located below the lower floor, which take the
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* the vertical motion while the columns (connected to the spring
beams and supporting the upper level) have sufficient flexibil-
ity to take the lateral motion. It is mentioned that where
only one or two pieces of equipment on the lower floor require

* isolationi, they may be shock mounted separately on the floor.

An individual mounting of a water chiller is illustrated;
the mounting employs rubber pads between steel plates.

A system for shock m~ounting a complete two-story
structure by the use of a spring beam unit under the lower
floor is illustrated. Horizontal flexibility is accomplished
by short 18" pendulums.

An examplc of a two-level control cinter with the
major part of Its delicate equipment located on the second
level, requiring only that level to be Isolated. Is illustrated.
The upper floor is supported by columns connected to spring
beams below the lower floor.

Se veral illustrations are presented showing the use of
vertical and horb~sontal coil springs to isolate a complete
structure. The vertical springs are placed below the floor,
and the horizontal springs art connected to the tops and
bottoms of steel columns. It is mentioned that this method
of shock isolation is justified only where the shock mounted
structure is extremely heavy with a high center of gravity
and tbe space is limited.

I. Summary of Reference A. 35

This report presents the results of a feasibility ant.
cost study of several types of underground structures at high
pressure levels. The structures considered were spheres.
vertical cylinieers. and horizontal cylinder*.

For each of these structures, the must effective shock-
isolation system consisted of a suspended interior structure
using hot-formed, helical compression springs mountod on
parallel pendulum abafts.

J.Summary of Reference A. 39

A-115



This reference presents the procedures and significant
results of studies of the dynamic responses of hardened un-
derground rectangular and silo-type structures subjected to
megaton nuclear weapons blast and ground shock effects
with particular attention to the transmission of shock and vi-
bration to the interior structural components and contents of
the structurc. A method of predicting responses of multi-
degree -of-freedom, elastoplastic, nonlinear, and discontin-
uous systems is advanced. It empioys a synthesized ground
motion (timse histvry) curve derived from design shock spec-
tra. The procedure for calculating the synthesized curve is
summarized in Appendix D. Such curves are employed to an-
alyze a multi-degree-of-freedom, shock-isolation system for
the Atlas missile crib. The crib is suspended from a silo with
coil -compression springs.

k. Summary of Reference A. 40

This report Is a summary of the state of the art in the
design of package cushioning material6. The general design
theory of package cushioning is given, and the testing under
static and dynamic loading is discussed. Design concepts
are evaluated. Design equations and sample problems are
included.

Stress properties are given for some of the principal
plastic package-cushioning materials as well as data on the ef-
fect of temperature and humidity. Specific uses of rigid and
semi-rigid plastic foams in cushioning applications are indi-
cated.

The report also presents a summary of test prograne
for plastic cushioning materials.

The information that is pertinent to our study is sum-
marized below.

As in the case with package cushioning, resilient ma-
terials are the only types suitable for cushioning in shelters.
in the report, emphasis was placed on the resilient plastic
package-cushioning materials. The particular materials
covered were: polyurethane, polystyrene, polyethylene, and
polyvinyl foams.
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In the design of the cushioning material, the following
information is required:

a. The fragility of the items to be protected.
b. The severity of the shock to which the item will

be subjecteO.
c. The energy-absorption characteristics of the pro-

tective cushioning material.

Knowing these and the weight and size of the item to be pro-
tected, the thickness of the cushioning material can be com-
puted.

The use of dynamic-stress data in the design of the
protective cushioning is more reliable than the use of
static-stress data.

In the report, the cushion factor concept for design
is presented. The cushion factor relates the maximum stress
on the cushion to the energy absorbed by the cushion at this
applied load.

The properties of the four plastic cushioning mater-
isls mentioned above are presented. These included the

static stress-strain curve and the dynamic properties.

Specific uses for plastic-foam cushioning materials
were discussed. These included: (1) high-speed energy dis-

sipators for aerial delivery of military material; (2) mili-
tary packaging. particularly for guided-missile compon-
ents; and (3) cushioning for human skulls.

It has been found in the work performedby Cornell
Aeronautical Laboratory, Inc., on cushioning for human
skulls, that % %th cushioned co mere, if the backup panels
have a radius of curvature greater than Z &..ches, they will
exhibit characteristics similar to thcoe of a flat panel.

1. Suiumary of Reference A. 41

This report presents data on the effectiveness of seat
belts in reducing injury from impact. The report is based
on studies of automobile accident*. However, it serves to
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point out the possible use of seat belts in protecting personnel
from the danger of impact within a shelter structure.

m. Summary of Reference A. 42

The pertinent information in this report is summarized
below:

Personnel should be protected from flailing, whiplash,
dislodgement, crushing, falling, and impact against sharp
objects during a period of ground shock. Restraint devices,

such as lap and shoulder harnesses, crash helmets, ankle
and wrist restrainers, torso girdles. and secured seats, are
helpful. Inertia reels are useful in permitting slow deliberate

motion, preventing abrupt movements.

Personnel who are walking or unsecured are particu-

larly vulnerable, All unnecessary personnel trahic would
have tu be restricted, at least during an alert.

Any unsecured objects are potential projectiles which

could crash into personnel or equipment. Therefore. all
objects should be secured.

n. %mmary of Reference A. 43

This article summarizes the results of the work per-

formed at the Cornell Aeronautical Laboratory to evaluate the
impact-absorbing properties of plastic foamb. The important
points tn this report are indicated below.

Data collected on atutomootle and airplane crasben in-
dicate that about 75% of fatalities result from head injuries.

Low-density foam energy absorbers can play a very impor-
tant part in head impact protection.

In a study conducted for the Navy. the injury pniential
to the head in aircraft cockpits was evaluated, and methods
of reducing the injktry potential were .ttidied. It was found

that the average human skull would fracture on impact against
a hard fiat surface at an energy level of 0fl In. -lbs. A blow

of 400 in. -lbs. on a hard flat surface is commonly used as
the critical blow for brain damage.
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It was found from the study that there were four con-
trols un the injury potential of a flat surface:

(1) The maximum g. level that would be experienced
by the head on striking the surface.

(Z) Rate of change of g. or the rate of onset of the g.
forces.

(3) Peak intensity of pressure on the head in line
with the blow.

(4) Initial impulse of head striking an object.

Initial Impulse z M h (V. - V)

Mh Mass of head
VZ  Velocity before contact
V, Velocity after contact

Initial impulse of S. 3 lb. -sec. has been deter-
mined as the threshold of fracture.

A desirable property of the padding Is that of low re-
bound. With low rebound, less energ" is transmitted hack
to the head.

In the Navy program., a rigid polystyrene fnam with a
density of 1-3/4 lb. /cu. ft. provided the best head protection
per inch of thickness. Using this material, the peak pressure
was limited to O lh a. i. This material provides only single.
blow protection.

On a project sponsored by the New York State Athletic
Commission, i.'rk was perforined to develop a resilient
cellular plastic material with the same impLat characteris-
Uce as the above polystyrene foam. The resulting material,
Ensolite 2Z66. has characteristics close to these of the
polystyrene foam. in addition, the material recovers slowly.
ready for another blow. The naterial was developed prim-
arily for use in boxing rings.

In a boxanj contest, an impact onergy imparted to the
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head from striking an unpadded mat can be in the order of
1100 in. -lb. (compared to hn iii. -1b. to cause a fracture).
With mats padded with Ensolite 22266, no serious head injury
by impact with the platform occurred. This indicates that
the criteria for which the material was developed were on the
safe side.

Tests werv also made to determine the effect of body
attitude on the percent of the total body eneray that would be
absorbed by the head. In the tests, the weight of headform
used was taken as 30 lbs. to account for the mass contributed
by the torso through the neck.

In the work to determine the effectiveness of various
energy absorbing materials, the following controls were used
for head impact protection-

Maximum g. - 60 U.
Maximum rate of change of g. a iC, 000 g. /sec.
Maximum intensity of pressure in
line with blow 6 600 p. 8. 1.

Thc -maximum acceleration ad rate ut change of accol-
sation given above are considered as safe values for the
head. The aximum pressure indicates that the cushioning
material has become solid.

Curves are presented that illustrate the protection avail-
able with different padding materials on hard flat surfaces for
various impact velocities. Somae of the values taken from these

curves are summaraed beow:

Cuehloning Material on Limit of Sef
Hard Flit Surface Impact Velocity

I" thick 1-3/4 lb. /co. ft. Polystyrene Foam IS ft. seec.
V" thick .... .. Is
IV thick Lnmolite 2,166 - ? lb. icu. ft. 17
1Z thick Rrethaw Foam - Formulation "A" 16
V thick Foam Rubber - 6 lb. /cu. ft. II
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In tests made with padding on yielding foundations,
in contrast to the rigid foundations. it was found that the pad-
ding materials became more effective and the yielding panels
absorbed a large part of the impact energy. Some of the
foundation materialsa found effective were: -light-gage steel,
aluminum, and plastic. No correlation was found between
the test data for paddiug on a rigid backing and that on a
yielding backing. The materials must be tested in combina-
tion to determine the combined properties.

The following general conclusions can be made from
the programs of evaluation of low-density energy absorbers:

(1) Most of the energy -absorbing plastic foams do not
have linear spring -rate characteristics under im-
pact blows. Therefore. they do not lend them-
selves to a simple mathematical analysis.

(2) The better energy -absorbing foams resist impact
with nearly constant pressure for approximately
three-quarters of their thickness.

(3) Dynamic pressure characteristics cannot be de-
termined by static compression tests.

(4) Different formulations of plastic foams that have
the sam* density and rigidity do not necessarily
have the same energyuabsorbing characteristics.

(5) When used as energy absorbers, most low-density
foams exhibit mechanical characteristics that
change greatly with temperature, I.., the" I nd
to Iget stufft r a J the temperature d ups.

(6) Lfn cases where the Impact energy exceeds the en.
erity-abeorbieg capacity of the' * m and an aux-
iliary absorbing structure is ased touch as a

* sheet, metal panel to bach up the padding), a
covering of plastic team products a large reduc-
tion is the posit pressure experienced by the
slrlkng object and also distrIbutes; the force over
a larger surface area by "dishpanaing" the panel.
ft will be toted that back-up panels having a
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radius of curvature greater than 2 luches exhibit
characteristics similar to those of a flat panel.
If the radius drops below 2 inches, the effective-
ness of the padding and panel combination is
greatly reduced.

I I I I I I I I IA *I ' PI
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APPENDIX B

MINUTES OF MEETINGS

SECTION B-I

INTRODUCTION

Appendix B contains minutes of meetings held with

various governmental and private organizations to obtain in-
formation pertinent to shock and vibration and to discuss such
data with experts in this field.

B-2 Minutes of Meeting between Korfund Dynamics
Corporation and Ammann & Whitney.

B-3 Minutes of Meeting between the S-ac Technol-
ogy Laboratories and Ammann & Whitney.

B-4 Minutes of Meeting between the Lovelace Foun-
dation for Medical Research and Ammann &
Whitney.

B-5 Minutes of Meeting between the Air Force Spe-
cial Weapons Center and Amrann k Whitney.

B-6 Minutes of Meeting between the Defense Atomic
Support Agency and Anunann & Whitney.

B-7 Minutes of Meeting between the Naval Research
Laboratory and Ammann & Whitnsy.

B-8 Minutes of Meeting between the Naval Medical

lesearch Institute and Ammann & Whitney.
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SECTION B-2

MINUTES OF MEETING BETWEEN
KORFUND DYNAMICS CORPORATION

AND AMMANN & WHITNEY

Presented below are the minutes of a meeting held at
thn office of Anmann & Whitney, New York, on December 10,
1962, to discuss shock isolation data in connection with this
study.

Attendees at Meeting

Mr. Paul Baratoff, Korfund Dynamics Corporation
Mr. Joseph L. Hammond, Korfund Dynamics Corpora-
tion
Mr. Samuel Weissman, Ammann & Whitney
Dr. Joseph Vellozi, Ammann & Wbitny

The mecting was opened with a general discussion of
the requirements for shock tolerances in hardened structures.
Mr. Hammond reviewed Korfund'a activities in the field of
equipment and missile shock isolation for hardened installa-
tions. Korfund designs and manufactures hardware for shock
and vibration control and has been active in the shock isola-

tion of the TITAN. MINUTEMAN, and ATLAS missile hard
sites as well as the isolation of equipment for civil defense
shelters, including the Denton, Texas, mid Albany. New York,
shelters. In these shelters, most equipment was shock iso-
lated to 3 g. and sensitive electronic equipment to one g.
Standard mounts and springs were used where possible. Thc
shock levels for which Korfund designed were specified i.. the
form of ground-whluck response spectra with maximum vel-
ocities in the order of 10 to 40 in. /sec. and overpressures up
to 50 p. a.i. In general, the equipment required isolation at
3 to 10 c. p. s. in order to limit the trans..utted accelerations
to within 3 g. The systems were expected to damp out in
about 30 seconds because of internal damping inherent in the
systamoa.

Korfund indicated that manufacturers usually do not
know the fragility level of their equipment, although they feel
that mechainical and heavy electrical equipment items can
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tolerate transmitted shocks of 3 g. and fragile electric and
electronic equipment between 1 and 2 g. These values are
based primarily on shock requirements during transporta..
tion. Although it is po,,siblc to test the simpler types of
equipment to determine the fragility level, the testing can

become extremely complicated and costly in the case of heavy
complex equipment. Therefore, in lieu of subjecting every
piece of equipment to a shock test, it is more practical to
provide shock ptotection which will transmit no more shock
than most equipment can reasonably be expected to with-

stand. This is the basis for shock moun':ing to an accelera-
tion of a 3 g. shock or less.

Korfund furnished a listing of thc equipment that they
isolated at 3 g. even though they felt that the fragility levels
were in excess of this value. The equipment included diesel
generator sets, air conditioning chillers, water tanks, ex-
haust fans, heating and cooling coils, pumps, air compres-
sors, panelboards, and most electrical equipment. Lighting

fixtures were isolated to I g. This is based on tests result-
ing in failure of the stems supporting the fixtures rather than
failure of the lamps. The lamps and fixtures have much
higher tolerances, in the order of 20 g.

With regard to shock isolation of equipment, Korfund
pointed out that when equipment is mounted on top of a shock-
isolated floor care must be exercised so that no disturbing
frequency (transmitted by the operation of such equipment
as fans, air handling units, compressors, and pumps, etc.)
exists which may be in resonance with the natural frequency
of the floor. Otherwise, the shock-isolated floor may begin
to vibrate in resonance with the equipment. They also
stated that, fnllowing thc grcund shock disturbance, the shok-
isolaled floor will oscillate at its natural frequence (predom-
inately its fundamental if the stiffuess of the floor slab is
relatively high :nmpared to the stiffness of '" isolatinn sup-
ports) and that this becomes the disturbing frequency to which
the isolation mountings of the equipment are subjected. Un-
less the equipment isolator is properly designed and approp-
riate relationship is maintained between floor and isolation
frequencies, It is possible for equipment isolators to amplify
by 200 percent or nvire Lhe shock transmitted by the shock-
Isolated floor.
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In reference to relative motions of equipment, Kor-
fund indicated that the main concern is to enable the equip-
ment to travel freely without striking other equipment and to
provide flexible cunnections foz all piping, ductwork, etc.
In order to minimize movement of equipment so that the
amplitudes do not exceed those calculated from the ground
shock spectra, it is often required that the mounting suspen-
sion points be in a horizontal plane through the center of
gravity of the equipment and that the mounting support be 1o-
cated symmetrically about the center of gravity. Otherwise.
the equipment will rock when subjected to shock and the mo-
tion may be amplified somewhat because of coupling between
the inertia and resisting forces.

Korfund stated that they usually design and provide
springs such that the natural vertical and horizontal fre-
quencies on an isolated piece of equipment are identical.
Thcse springs are welded to end plates. It is mropurtant,
when tht end plates are fastened to the foundation, that
minimum clearance be maintained between bolt holes and
foundation bolts. This prevents motion of the base plate
under shock.

In the testing of eqtipment, Korfund has used a drop-
test machine which is usually sufficient to determine the fra-
gility level of equipment since all possible equipment modes
are excited under the deceleration impact. Reference was
also made to Navy impact machines, Bellock College Point,
Long Island, New York.

Korfund Iv considering the development of a series of
standard springs and specifications for shock isolation , --
q-irementd for hardened helters. They also mentioned that
th., cost of the engineering analyses required for a particular
shock isolation design could be quite high and sometimes
greater than the isolation of equipment i% lt.

Korfund turnishtd Ammann & Whitney with examples
of their work on equipment shock IstolaLon for hardened in.
stallations. Also furnished wore a bulletin indicating their
manufactured products and a copy of the paper. "Shock and
Vibration Isolation for Missile Sites", by Donald Vance of
Korfund. reprinted from April/May, 1961, Ground Equipment

Magazinc.
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SECTION B-3

MINUTES OF MEETING BETWEEN
bA(.C iECIICOLOGY LAOrATORIFS, INC.

AND AMMANN & WHITNEY

A meeting was held at the Spae.e Technology Labora-
tories, Inc., Redondo Beach, California. on January ?,
1963, to discuss shock isolation data in connection with this
study.

Attendees at the Meeting

Dr. Millard V. Barton Space Technology Lab.
Dr. Herbert Suer Space Technology Lab.
Dr. J. Christensen Space Technology Lab.
Mr. John Karagoian Space Technology Lab.
Mr. Edward Laing Ammann & Whitney
Mr. Sarmuel Weissman Ammann & Whitney
Dr. Joseph Velloasi Ammann & Whitney

The minutes of this meeting are of a classified nature
and cannot be included in this rcport. However, reference Is
made in Appendix A to some of the unclassified items dis-
cuslad at this meeting.
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SECTION B-4

MINUTES OF MEETING BETWEEN
THE LOVELACE FOUNDATION rOR MEDICAL RESEARCH

AND AMMANN & WHITNEY

Presented below are the minutes of a meeting held at
the Lovelace Foundation for Medical Education anti Research.
Albuquerque. New Mexico. on January 8, 1963, to discius
personnel shock effects in connection with this study.

Attenders at the Maeting

Dr. Clayton S. White, M.D. Lovelace
Mr. 1. Gerald Uuwun LA.lacp
Mr. Edward Laing Ammann & Whitney
Mr. Samuel Weissman Ammann & Whitney
Dr. Joseph Velloaai Ammiann & Whitney

The meeting was opened with an explanation of the
Office of the Chief of Engineers project and of the related work
being performed by Ammann & Whitney In the itivestilatlon of
literature and dat, pertaining to shock effects on personnel
for the purpose of establishing requisite shock tolerances and
appropriate protection for personnel housed in a hardened,
shallow-buried, civil defense shelter subjccted to a groittd
shock environment associated with a 20-MT nuclear weapon
burst for overpressures ranging up to 300 p. s. I. The inten-
sity and nature of the expectea structure mottons were des-
cribed and it was pointed out that, in must cases, the person-
nel in the shelters would be in random positions - standing.
sitting, reclined - and in fewer cases personrel may 'i
strapped dnwn in thais., beds. etc.. or be provided %% U.
ether means of bracing themselves.

It wt.* explained by Ammann & W ltney that, based an
their review of available literature. it appeortod that may
unknown factors exist with regard to Iroul thtck effects
on pere4annel, although data are availablo pertaining to per-
solno shock etlects lor other "pea ot shock enviromenits.
Ammann & Whitney studied the blast bloigy reports received
from Lovelace, and Ihree -epirts in particular *ore found
to contain biological and personnel shock effect data which
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could be related to the personnel ground shock problem. It
was agreed that no known personnel shock tests have been
conducted specifically for the ground shock problem although
this typc of testing is presently being considered by other agen-

.. 'huu uir e rep jrts. prepared for the Defense Atomic
Support Agency, are:

I. "Tertiary Blast Effects. Effects of Impact on Mice.
Rats. Guinea Pigs and RahhitR"

2. "Biological Effects of Blast"
S. 'Z.iological Dhabt Effects"

It was further explained that Ammann & Whitney have
established preliminary shock tolerances for personnel in
hatrdtened civil defense shelters on the basis of the data in these
rvports and other publications investigated, and that consider-
able )udgmtnt was utd in the applicattion of this data to the
ground shock environment. These toleranceb are considered
in two categories: (1) impact and (2) vibration. The data in
titc Lovelace reports were an Important source of information
for establishing the impact tolerances.

The fullowing is a summary of comments and discus.-
son partining to the problems posed by Ammann & Whitney:

1. The three reports listed above, and particularly the
first report, are still generally representative of the current
kncwledge on impact effects. This work was basod on drop
testS on animals and on a general review of other related lit-
wrature in the field. based on this data the "on-Lhe-safe"
average tolerable impact velocity of 10 ft. /sec. as qualifted
in the report is ro.eonnendod. This pertains to the total body
.s well as to skull impact with a hard flat surfets' provisL.,v
the line of thrust tor skull impact is not directed along the
longitudinal axs of the body in which case tie head would be
doiisagd in abiorbing the kinetic energy of the remainder of
tho body mass. ror Impact with sharp co. nets. the toler.
able impact velocity would be considerably reduced, and this
should be aveidad or Ue cornere should be padded.

1. Since horisontal moton In combination with the
verUcal motions would probably throw personnwl off balance,
an uncoordinated type of Impact may result, and althouSh it
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is felt that impact velocities less than 10 ft. /sec. would g en-
erally not be serious, some injuries mav result for persons
of certain age groups, for persons colliding in an awkward
position, or where a person falls backward and experiences
impact with the back of the head. In the latter case, an imr-
pact velocity greater than 10 it. /sec. may be unavoidable.
The ability of the body to prepare itself for a fall due to a
sudden motion would depend upon the physical condition, age,
and athletic training of the person. However, a person stand-
ing stiff-legged would probably have time to assume a bent-
knee position if the floor suddenly dropped from beneath him.

3. For impact velocities greater than 10 ft. /see. and
for added safety at 10 ft. /sec. , a cushioning material should
be provided. This can be achieved by the use of padded hel-
mets. padded walls, and padded floors. The use of Ensoiite
(manufactured by U. S. Pubber), for example type Ali, as a
surface material would be cffective. Under norrr~l loadings
Ensolite feels rigid but will deform sufficiently under impact
loads to affoed a considerable reduction in deceleration inten-
sity. In this regard, it was emphasized that only a very
small stopping distance (fraction of an inch) will consider'ably
reduce the possibility of body damage due to Impact for im-
pact velocities above 10 ft. /sec. , even as high as -20 ft. /sec.

4. It Is considered that the use of bracing, such a.3
laindrails, would be effective in preventing personnel from
being thrown over if it Is practical for perionnel to assume
such a position oi preparation.

5. It is fel' that imposing a sudden upward velocity tn
a body may, be physiologically different (with regard to tv.
erance) from di opping a bouy with the same striking velocity,
alth :ugh as a mechanical system both casev appear to be
similar.

6. .Stretpping a persoai tu A chair which~ lI, shock
rnount-ad could result in a an.ore critical envirornment than per-
mitting the person to be displaced rplativet tit the structure
even though the shock Intensity Is reduced. This ts partially
due to a repeated (vibration) leading and also because injiury
could result froin ralatlvc budy displacement*s, depending an
the manner in which the body is strappAd t6 the chair. Ina



addition, impact of the body against the chair may be a poten-
tial hazard. Pulling a person down with a sudden velocity
may also be different (with regard to tolerance) from drop-
ping a body with the same striking velocity.

7. With regard to future shock tests for civil defense
shelters, it is felt that such a program is warranted in view
of the present uncertainties. However, tests on healthy young
adults would probably not be representative of tolerances for
other age groups, and in general it is difficult to obtain iol-
unteers. Testing is potentially dangerous especially since
certaiiu internal ir tries could occur without the subject feeling
pain at the time ol the test. Furthermore, the tolerance es-
tablizhed varies, deptnding up n the subjective feelings of the
person being teoted.

8. Based on th%. available information, it is felt that
the preliminary tolerance values established by A-%mann &
Whitney are reasonable.

9. Although the Lovelace reportr !nclude a review of
other literature in the field, for more detailed reading the
following publications may be of particular interest; however,
suca further study would probably not afford any additional in-
formation leading to recommendation of more reliable shock
tolerance criteria.

Roth, H., Impact and Dynamic Response of the Body,
Symposium: Frontiers of Man Controlled Flight, Los
Angeles, April 3. 1943.

Coermaa n R. R., The Mechanical Impedance of U,.'
Humah body in .Uttinx and SManding Position at Low
freouencies, ASD Tech Report 61-491, Wright Patter-
son Air Force Base, Ohio, September 1961.

German Aviation Medicine World War 11. Vol. 1, by
the Department ot the Air Force (rdited by Glai6ser).

Swearington, et al, "Human Tolerances to Vertical Im-
pact", Aerospace Medicine, December 1960. Vol. 31.
No. 11.
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Draeger, et al, A Study of Personnel nm. y~ Solid
Blast, Naval Medical Research Laboratory, 1945.
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SECTION B-5

MINUTES OF MEETING BETWEEN

THE AIR FORCE SPECIAL WEAPONS CENTER
AND AMMANN & WHITNEY

Presented below are the minutes of a meeting held at

the Air Force Special Weapons Center, Kirtland Air Force
Base, New Mexicn, on January. 9, 1963, to discuss shock

isolation data in connection with this study.

Attetndees at the Meeting

Lt. Douglas H. Merkle AFSWC
Mr. H.R.J. Walsh AFSWC
Mr. Edward Laing Ammann & Whitney
Mr. Samuel Weissman Ammann & Whitney
Dr. Joseph Vtlloazi Amma-n & Whitney

The meeting was opened with a short summary of the
work being performed by Ammann & Whitney on a study of
shock isolation methods for hardened civil defense shelters

for the Office of the Chief of Engineers. The shelters being
considered are shallow-buried structures designed for a 20-
MT weapon burst and for overpressures up to 300 p. s. . As
part of the study, Ammann & Whitney is compiling and inves-
tigating sources of current data in the field pertaining to shock
tolerances for personnel and equipment and other items,
structure (shelter) response to the free-field ground shock,
and current methudls and techniques used for shock isolation as
well as shock-isolation systems previously developed for har-
dened structures. AFSWC will suo. publish a comprehv," ive
guide for the design of shock isolation systems in underground
protective structures which represents AFSWC latest informa-
tion on the subiect. Lt. Merkle mentioned that Ammann &
Whitney should receive a copy of this repot by the end of the
month unless there are delays in printing. Shortly after this
report is forwarded, Lt, Merkle expects to be in New York
&nd will visit Ammann & Whitney for further discussion of

its contents.

With regard to shock tolerances for personnel, Lt.
Morkle pointed out that in their report they are recommendin

B-IS



that seated and well-restrained personnel be isolated to 1. 75 g.
for vertical and radial motion and that personnel standing
without support be isolated to 0. 75 g. for vertical motion and
0. 50 g. for radial motion. AFSWC performed a literature

search to establish these values, and the conclusions are
based mainly on the works of Eiband and Zeigenruecker which
Ammann & Whitney also reviewed. The results of thin search
are presented in the abovementioned AFSWC report. F. L.
Murfin of Space Technology Laboratories and J. W. Degan and
D. W. Williams of MITRE have also performed a literature

search on the subject of personnel shock tolerances relevant

to the ground shock environments, and have presented some
conclusions and/or recommendations. AFSWC furnished
Ammann & Whitney with a copy of some of this data. (Human

Survivability; Human Tolerance to Ground Shouk and Low
Frequency Vibrations in Command and Control Facilities
(Task 139), Technical Memorandum TM-3057, The Mite
Corporation, 24 April 1961.)

The AFSWC personnel shock tolerances for standing
personnel are less than one g. and, therefore, impact which
would result from the separation of personnel with respect to

the structure floor is not being considered. However, Lt.

Merkle suggested that if separation is to be permitted in the
civil defense shelters, cushioning material on the structure
floor and walls and/or protective clothing, helmets, and shoes

should be provided. For seated personnel, seat belts should

be considered to protect personnel by restraining them in

their seats. In this regard a copy of a congressional Corn-
mittee Report on Automobile Seat Belts was given to Ammann

& Whitney jHouse Report No. 1275, 85th Congress, August
1957). Cornell Aero Laboratory in Buffalo, New York,

(Mr. John 0. Moore and Mr. Edward R. Dye) is also per-
formng studies on seat belts.

AFSWC &a considering shock testing t.. personnel in
connection with the Minuteman Weapon System using a six-
degree -of-motion simulator available at Wright Patterson
Air Force Base. The feasibility of such tests will be dis-

cussed with Capt. N. P. Clark of Wright Patterson Air Force

Base. Ammann & Whitney was furnished a description of the
motion capabilities of the simulator. Col. J. P. Strapp of

Hollorran Air Force Base may also be consulted by AFSWC
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to discuss personnel shock testing. Seat-belt tests have
been conducted at Holloman Air Force Base, Aero Medical
Field Laboratory.

Bell Telephone Laboratories, Whippany, New Jersey,
(Mr. Clinton Schaeffer) are doing work on shock isolation for

the Army and have performed personnel shock tolerance tests
for their own use (informativn not published). These tests

were designed to simulate the motions of art isolation platform

in an underground protective structure and consisted basically
of applying a motion to a cantilever beam upon which subjects
were seated.

With regard to equipment tolerances, the AFSWC re-
port contains a summary of test results. The AFSWC report

also presents various velocity pulse shapes for different sites.
Also, two basic-type velocity pulse curves are presented:
one for the high frequency and one ior the low 1"requency por-

tion of the spectra, respectively.

A plot of the computed vertical response of the Minute-
man equipment platforal air-spring suspension system was

shuwn. It appeared that the response motions quick!y damp

out; the amplitude during the second cycle is small compared
to the peak response. In this regard AFSWC was presently
setting up a shock-testing device which will be capable of
testing the entire suspended platfortn. Lt. Merkle felt that,

for the motions being considered in the OCE study, it would
be best not to use non-linear springs.
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SECTION B-6

MINUTES OF MEETING BETWEEN
THE DEFENSE ATOMIC SUPPORT AGENCY

AND AMMANN & WHITNEY

Presented below a'p. the minutes of a meeting held at
the Defense Atomic Support Agency, Washington, D. C., on
January 21, 1963, to discuss personnel shock effects and

shock isolation data in connection with this study.

Attendees LLts 14Ateting

Colonel Robert H. Holmes, DASA, Medical Di%
Surgeon

Mr. John Lewis DASA, Blast & Shock Div.
Major Merrill E. Barnes DASA, Blast & Shock Div.

Mr. Samuel Weissman Ammann & 'Vhitney
Dr. Joseph Velloasi Ammann & Whitney

The meeting consisted of two parts: (1) a meeting with
Colonel Holmes to discuss personnel shock effects and (2) a

meeting with Mr. Lewis and Major Barnes to discuss general

shock isolation data.

Meeting with Colonel Holmes

The meeting was opened with an explanation of the

Office of tbe Chief of Engineers project and of the related work
being performed by Ammann & Whitney in the investigation of

literature and data pertaining to shock effects on personnel

for the purpose of establishing requisite shock tolerancet. rnd

appropriate protection for personnel housed in a hardeneck,
sha2low-buried, civil defense shelter subjected to a ground

shock environment associated with a 20-MT nuclear weapon

burst for overpressures ranging up to 300 .. o. i. The inten-

sity and nature of the expected structure motions were des-
cribed. It was explained by Ammann & Whitney that, based

on their review of available literature, including DASA re-

ports prepared by the Lovelace Foundaton, preliminary

shock tolerances for personnel subjected to the ground shock

environment have been established. The available informa-

tion pertains to personnel shock effects for other types of
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shock enviro.zient and considerable judgment w*s used in the
application of the data for the ground shock environment.

It was explained that Ammann & Whitney had a very
informative meeting with Dr. C. S. White and Mr. I. G. Bowen
at the Lovelace Foundation at which time the DASA reports as
well as other data in field were discussed. The recommended
personnel tolerances for ground shock as based on this avail-
able information were also discussed with Dr. White who
offered very pertinent comments regarding the anticipated na-
ture of possible injuries resulting from the ground shock en-
vironment. Dr. White had suggested that A.xmann & Whitney
discuss personnel effects with Colonel Koh-ees.

Colonel Holmes agreed that there are many unknown
factors relative to ground chock effects on personnel tnd that
no adequate tests have been performed in the past specifically
for the ground shock environment. Protection of personnel
for the ground shock environment could best be provided with
protective padding either by padding the surfaces of impact
within the structure or 4y providing personnel with protective
clothing - helmets, shoes, etc. in addition, sharp corners
which may be struck should be rounded. Ensolite (manufac-
tured by U. S. Rubber) has been found to be an effective im-
pact-absorbing nmaterial when used as floor covering, such as
in boxing rings. In some cases it is necessary to bond a
low-density Ensolite layer to a highez density sub-layer. The
U. S. Army Quartermaster Corps at Natick, Massachusetts,
(Attn: Mr. Eddie Baron) is doing research on plastic protec-
tive devices. Where practical, personnel should be strapped
down to minimise secondary impact effects. However, con-
sideration must be given t. the fact that seated personnel are
susceptible to vertebrae fratiture.

With regard to personnel shock tests, Mr. Hirsch of

the David Taylat Model Basin has conducted shipboard tests
with personnel.

DASA and the Lovelace Foundation will be conducting

a symposium on biological blast and shuck effetut rullowing

the 3Znd Shock Symposium scheduled for this :oming April.
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Meeting with Mr, Lewis and Major Barnes

The meeting was opened with a summary of the scope
of work being performed by Ammann & Whitney on a study
uf shock isolation methods for hardened civil defense shelters
for OCE. The shelters being considered are shallow-buried
structures designed for a 20-MT weapon size and for over-
pressures uo to 300 p. s. i. As part of the £tudy Ammann &
Whitney is investigating and compiling sources of current data
in the field pertaining to shock tolerances for personnel and
equipment, structure (shelter) response to the free-field
ground shock, and current methods and techniques ucad for
shock isolation and shock isolation systems previously devel-
oped for hardened structures. Preliminary recommendations
for basic criteria for the shock isolation study have been es-
tablished on the basis of the data investigated.

The following is a summary of comments and discus-
sion pertaining to problems posed by Ammann & Whitney.

1. Prediction of free-field ground shock spectra us-
ing Dr. Ncwmark's procedure is considered to be the most
current available for predicting free-flold ground motions and
spectra. This procedure is presented in, Protective Construc-
tion Review Guide, Volume I, Office of the Assistant Secre-
tary of Defense (Installations & Logistics), June 1961.

2. Shock isolation for personnel would probably be
best achieved by the use of a cushioning or frangible-type
material. For example, a frangible shock isolating concrete
has been cievelopsd at Waterways Experiment Station, Vicks-
burg, Mississippi. This concrete is composed of a poly-
urethane fown aggregaLe which is inexpensive and can be
hatrdied during construction as conventional cnncrete. Var-
ious stress-strain properties can be achieved by varying the
foam aggregALe-to-cement ratio. This co -rete could be
used as a footing material, for example, which would sup-
port the normal dead plus live load but would yield plastically
under the higher ground shock dynamic load. The material
could also be placed under the base slab to absorb energy
transmitted between the ground and the slab. Spun metals
also have been experimented with and show promise as an
energy-absorbing material. A report will be available in
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August 1963 (CRDL Technical Memorandum Z1-10, Edgewood
Arsenal, Maryland). Padding could be used within the struc-
ture to further protect personnel from possible injuries due to
impact with the structure floor, walls, or adjacent objects.
An arrangement such as a net or inflated material could be
placed along the wall.

3. The literature presently being investigatcd by
Ammann & Whitney generally represents the current know-
ledge in the field. For a further source of data concerning an
actual design the following should be consulted:

Design for a Cast-in-Place Concrete Shelter, 13 Dec-
ember 1962, U. S. Naval Civil Engineering Laboratory.
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SECTION B-7

MINUTES OF MEETING BETWEEN
THE NAVAL RESEARCH LABORATORY

AND AMMANN & WHITNEY

Presented below are the minutes of a meeting held at
the Naval Research Laboratory, Washington, D. C., on Jan-
uary 29, 1963, to discuss shock isolation data.

Attendees at the Meeting

Dr. Irwin Vigness Naval Research Laboratory
Mr. Samuel Weissman Amnmann & Whitney
Dr. Joseph Vellozzi Ammann & Whitney

The meeting was opend with a short summary of the
work being performed by Ammann & Whitney ow 4 study of
Rhock isolation methods for hardened civil defense shelters for
the Office of Chief of Engineers. The shelters being consid-
ered are shallow-buried structures designed for a 20-MT wea-
pon burst and for overpressurc up to 300 p. . i. As part of
the study, Ammann & Whitney Is investigating and compill g
sources of current data in the field pertaining to shock toler-
ances for personnel and equipment and other items, structure

(shelter) response to the iree field ground shock, and current
methods and techniques used for shock isolation and shock iso-
lation systems previously developed for hardened structures.
Based on this data preliminary recommendations for basic
criteria foi the shock isolation study have been established.

During the meeting Dr. Vignese took the Amman, Y
Whitney represetatives on an interesting tour of the NRi
sh,-ck testing equipment. The mediumweight high-impact
machine was demonstrated.

The following is a summary of comments and discus-
sions pertaining to the items posed by Ammann & Whitney.

1. With regard to personnel ground shock effects,
the high accelerations associated with the high-frequency
range of the spectra would not be critical as a direct effect
since personnel will not respond to these high-frequency com-
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ponents. Consideration of a sudden velocity change would be
more appropriate for evaluating the effects on personnel. Naval
shipboard cdata have indicated tolerances for impact velocities
up to approximately 10 ft. /sec. for particular body postures
and areas of impact. If a person is standing with his legs
straight and heels against the floor, the person's feet may be
injured.

Personnel are believed to be sufficiently rugged to

survive anticipated motions without appreciable injury. How-
ever, personnel should be either strapped into chairs, pro-
vided with hand holds, or adjacent objects with which person-
nel could collide should be cushioned. In general, it is ad-
visable to provide cushioning material to pad all hard poten-

tial impact surfaces to provide the most reliable protection.
Loose itemo, such as furniture, etc. , should be attached to
the structure.

Ammann & Whitney's future meeting with Dr. Goldman
(Naval Medical Research Institute) should be of particular
value with regard to personnel data since Dr. Goldman is an

outstanding authority on biological shock and vibration ef-
fectis.

2. With regard to equipment shock tolerances, most
equipment can sustain a peak acceleration greater than 3 g.

although a custainod vibration of plus and minus 3 g. could
cause damage depending upon the frequency of the motion as
compared to the equipment frequencies. However, In isolat-
ing equipment down to tolerable acceleration response values,
low-frequency sys mut (in the order of S c. p. a. which is
generally lower than equipment frequencies) are aahieved L.9v
resonance should not be a prcblem. In general, he deter-
minaion of an appropriate shock tolerance for equipment re-
quires individual consideration by analysis or shock tests.

3. In reference to shock testing of equipment for
naval ships, a test specification for impact or vibration tests
on particular shock taesting machines has been established.
Although these tests do not necessarily duplicate actual ship-
board motions, they have an equivalent dama8u potential for

the intensity of shipboard shne-tt .- tirn, that the equipment
must sustain. In some cases, the equipment must be rugged-
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ized or shock mounted to withstand the test without danmage.
For effective tests, it is advisable that the test procedure be
established on the basis of the particular test machine. For
certain cases, it nmay be necessary to design special test
equipment to achieve the desired input. It may be possible to
utilize the Navy high-impact machines to attain the same peak
response that the equipment would experience according to the
shock spectra. No two shock motion* expected for the actual
ground shock environment are alike. It is desirable to have a
shock test possess the damage potential of any probable shock.
This can best be accomplished by smoothing the shock spectra
curves so as to obtain maximum responses that are expected
from field excitations. The smoothed spectra can usually be
obtained from a single acceleration pulse of sawtooth or half-
sine shape. These pulses can be easily generated and their
magnitudes and duratiun* adjusted to provide a suitable shock
epeutrum.

4. The residual effect is the sustained vibration at
times greater than the duration of the input motion. Dr.
Vigness illustrate* this effect in terms of a residual spectra
which is a plot of the peak response versus frequency for
times greater than the input duration. It is recommended
that the residual spectra as well as the conventional (primary)
spectra be specified. The residual spectra would be helpful
for evaluating appropriate requirements for damping out the
sustained vibrations. Dr. Vigness is presently developing
residual spectra data (not published at present). This data
indicates that the residual spectra responses are close to the
primary spectra responses In the low-frequency range and
tend to be loes than the primary spectra in the high-frequency
range.

S. With ragard to shock isolation systems. the Air
Force is currently considerlvq the use of air springs. For
civil defense shelters a fiberglass type mater I used as a
subfloor may be effective in absorbing input energy. ft is ad-
vantageous to isolate equipment on a separate shock-mounted
platform. Other springs which can be used are cantilever,
torsion, and coil springs.

6. The following sources of information were pointed
out to supplement the reports already reviewed by Ammann &
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Whitney:

Nav High-Impact Machines for Lightweight and Med-
iumweight Equipment. L Vigness. U. S. Naval Re-
search Laboratory. Washington. D.C.. June 1. 1961.

Handbook of Envitonmental Engineerins, E. C. Thels
et al, Technica Report TR61 363. AFS Command.
USAF. Wright Patterson Air Force Base. Ohio, Con-
tract No. AF 33(616) 6Z52.1961.

Contact C. J. Wesson. Director of National Academy
of Sciences. Environmental Research Council
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SECTION B-8

MINUTES OF MEETING BETWEEN
THE NAVAL MEDICAL RESEARCH INSTITUTE

AND AMMANN &v WHITNEY

Fresentled below are the minutes of a meeting held at
the Naval Med).cal Research Institute, National Naval Medi-
cal Centcr, Bethesda, Maryland, on February 5, 1963, to
discuss personnel shock effects in connection with this
study.

Attendees at the Meeting

Cdr. David E. Goldman Naval Medical Research
Institute

Mr. Samnuel Weissman Ammann & Whitney
Dr. Joseph Vellozzi Ammann & Whitney

The meeting wan opened with an explanation of the
Office of the Chief of Engineers project and of the related work
twe.-ig performed by Amrnann & Whitney in the Invsigain of
literaturv anid ditta pertaining to shock effects on personnel
for the purpose of establishing requisite shock tolerances and
appropriatte protection for personnel housed in a hardened,
shallow-buried, civil defense shelter stibjected to a ground
shock environment associated witI, a Zfl-MT nucleamr weapon
burst for overpressures ranging up to 300 p. a. %.The inten-
sity and nature of the expected structure motions were des-
cribed and it was pointed out that, io most cases, the person-
nel in the thelters would be in random positions - standing.
sitting, reclined - and in fewer cases personnel may h-#
strapped down In ch~ire. bedo, etc. , or be provided u..h
-ther means of bracing themselves.

It wits explained by Arnmann & V'Mtney that, hased
on their revieA of available literature, it appears that many
unknown factors exist with regard to ground shock effects
on personnel, although data are available pertaining to pe, -
sonnol shock effects for other types ol shock onvironmvnt&.
The recommended paper by Drs. Goldman and von Goirke,
"Effects of Shock and Vibration on Man", was stutIi'et And

based on thin paper and other pu.blcationas roviewed, Anai.' tn
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& Whitney establi*hed preliminari shock tolerances for per-
sonnel. Considerable judgment was used in the application of
the data for the ground shock environment. It was agreed that
no known personnel shock data tests have been conducted
specifically for the ground shock problem although this type
of testing is presently buing considered by other agencies.

The folliuwing is a summary of comments and d.scus-
sion pertaining to the problems posed by A_-.;zaxwtai & Whitney:

1. The range of magnitude of the preliminary tolar-
ances esttablished by Ammann & Whitney are reasonable for
the ground shoci- !nvironri, nt as bused on available informa-
tion. It was recrnmmended that somhe of the values for vibra-
tion tolerances be modified as follows: For 10 to 15 c. p. s.
use 5 g. instead of 3-7 g; for 15 to 40 c. p.a. use 5 g. in-
stead c'7 ; for 20 to 30 c. p.s. use 7 g. instead of 5g.

Although the vibration tolerances are based on test
data for longer duration exposures than ground shock dura-
uons, tolerance. for shorter durations may not necessarily
be significatly higher, and there is nw justification for in-
cr.using the recommended values unless appropriate test data
irdicates otherwise. It addition, the available vibration test
data for seated personnel are for personnel tested in special
P1 Otective seat,,.

The recommendcd Impact tolerance values of 8 to
10 it. /sec. impact velocity with a hard flat surface should

kenerally be male. If the body is in a flexible position or if
the area of ihaMt Is large, higher impact velocities could be
tolurated. Impact with sharp corners should be avoided. A
possible danger is falling ovoir Uackwards and triins the ...-it
of the h ed in which case inlnury may result even if there weia
no s.ructure motions, although It is to be noted that In most
cahiv tWe fall r.ay be cushioned by striking with the back or
arms first. To provide protaction againet tas type of bead
injury, padding is tdvivable. Padding is also required on
sharp corners.

2. With rogird to personnel 4hock tets for the-
ground shock environment. such tests wouli be nac.ssary to

establish more accurate o lganceo. However. it sn.'aod b
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noted that the reliability of personnel test data may be lim-
ited to the particular age range and physical condition of the
persons tested. In addition, personnel may be sensitive to
the actual motions which may be difficult to simulate for the
complex ground shock environment. Moreover, since it is
extremely undesirable that volunteers be injured, the toler-
ance values will tend to be conservative and will also vary
depe ,ding upon subjective responses. Further information
concerning naval shipboard shock tests can be obtained from
Mr. Hirsch, David Taylor Model Basin.

3. With regard to additional reference material, the
reports reviewed by .nmann & Whitney represent, in gen-

eral, the current knowledge in the field in that further inves-
tigation of more detailed reports would probably not afford
additional information leading to recommendation of more
reliable shock tolerance criteria fnr the ground shock envir-
onment. However, for further discussion of personnel ef-
fects, consultation with Dr. von Geirke at the Wright Pat-
terson Aero-Space Medical Laboratory would be of particular
interest. Other suggested sources of information are:

Federal Aviation Agency, Norman, Oklahoma

Wayne University, Attn: Mr. Lissner
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APPENDIX C

EQUATIONS FOR CALCULATING FREE-FIELD
AIR -INDUCED GROUND MOTIONS

The following are the equations for calculating free-field
air-induced ground motions as presented in Reference 2. 6.

C-I Notation

a = maximum vertical transient acceleration, in
gravities.

c = seismic velocity of soil in vertical direction, ir.
ft. per sec.

de z maximum elastic component of ve tical trans-

ient displacement, in in.; for a triangular pres-
sure-time pulse de = bpeo/ZE.

dp x permanent vertical displacement after blast,
in in.

E a Young's modulus of elasticity, in p. .iI. For
plane waves E is given by

+/

where p ti the mass density of the soil, ji in
Poissole ratio, and c is the seismic velocity as
defined :bove. For values mf *4 f 0. 25 o less,
the relatiunship is approximately £ a pc , and
for soil with a density of about 115 lb. per cu.
ft. an approximate value of r. is

E & Psi c
~ ~~~0 f500Pi[oop.k

h depth to which shock extunde in time tI, it.

h cti * 400 (t. j0o0 (p. JL o.
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L = quantity in units o.f it., a funct-.on of overpres-
sure and duration, used in pressure and veloc-
ity attenuation relationship.

p8 0  peak overpressure in shock wave, in p. s. i.

t. = effective duration of shock, correspondi'1. to a
triangular pressure pulse having the same im-
pulse as the actual shock, in sec.

0.06 1/3
t. = 0. 40 sec. 11T

t r effective velocity pukse rise time, in sec.;
rfield observations indicate that

Y ZC

for a homogeneous medium.

V maximum -vertical transient velocity. in it.

per sec.

W Eyield of weapon, in Megatons.

y r depth below surface to point considered, in ft.

a - attrenuikton factor for velocity or stress.

Subscripts: 'a" denotes the surface and "y" denote.

dla'.Aitw Y b*low the surface.

G.-2 IFree-Field Air-Induced Emi N

Motions at Surface

C-2. I Maximum Transient Vertical Displacement at Surface

The elastic component of the maximum transient verti-
cal displacement ut a homtsgeneotis material may be taken as
(ollows:



- 0.4 1/3

dLe 10 ino. 0_1 (C-I)

The permanent vertical displacement depends on the
overpressure and on the plastic properties of the soil in the
upper 50 to 100 ft. It is often of negligible magnitude for
overpressures less than 100 p. s. i., but for soft and week soils

it can be as much ar 5 or 6 in. at the surface, even at an
overpressure as kw as 100 p. s. i. If static stress-strain

curves for the soil are not available from which to estirnte
the permanent displacement, it is suggested that it be taken as
follows:

z pso0  40 in. [lOQO fps] (CtZ)
ds p  PO30 40i"i l0(cfs I C

In this equation, c is the seismic velocity near tue surf&,.e.
When the equation is used, a cut-off in permanent displace-
ment occurs at 40 p. s. i. Available evidence indicates that
permanent displacements generally are of a negligible magai-
tude at pressures below 40 p. s. . ; accordingly it I recom-
mended generally that d be taken as sere for pressures less
than 40 p. a. i. Itt exceptonal cases there may be reason to
estimate the permanent displacement for lower pressures from
known stress-strain propertles when the soil properties are
available.

The maximum transient elastic vertical displacement
in a layered or in a non-homogeneous system can be different
from Eq. (C-1). For a rigid layer near the surface, but at a
-.epth greater than h. lheru can be a complete roflection mliich
at most could double the value of de arising from the near sout
fact strains. For a system with variable properties, or lay-
ers. the valu should be Lomputed for several positions of the
shock, taking account of the values of c for each layer, and
adding up the instantaneous values of strain so determined.

c-I. a M.ximu.n Transient Verticlal Velocity at &urface

The niaxinum irvselent vertical velocity can be take,%

as:
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vs = CPso/E

whence

Vs 4. 0 fps L000 fpsi (C3

C-2. 3 Maximum Transient Vertical Acceleration

This is computed by assuming a rise time for the max-
imum velocity (or maximum pressure) of about 0. 001 sec.,
from which it follows that

a. = 150 g Fl~sops 1000o f S] (C -4)
LUU sj.~rL

In the last two equations, one must use the surfact. seismic
veluvity. However, the maximum acceleration is not neces-
sarily related to the maximum velocity, but may be larger
than the value computed from Eq. (C-4). Therefore, it is
recommended that even for high seismic velocities, a value
of c no greater than 2030 ft. per sec. be used.

C-2. 4 Free-Field Horizontal Effects at Surface

For horizontal surface effects, take the maximum dis-
placement as 1/3 the vertical, th. msxii-nut velocity P, 7/3
the vertical, and the maximum acceleatLiun equal to the
vertical.

C-3 Free-Field Effects at Depth

The displ~cement. velocity, and icceleraioin are t-
tenuated with depth. Although .xperimental -eta are scarce,
the following basis eeemns reasonable for computing the effects
at a depth y.

C.3. I Vertical Displacement at Depth y

The difference in dieplacement between the surface.
ai," the depth y cannot exceed the sure of the maximnum strains

C-i
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between these pc~ints, and can be considerably less than this.
Between the surface and a. depth of 100 ft. , the maximumn pos-
sible elastic strain, assuming no attenuation of pressure,
gives an upper limit to the elastic c~omponent of the difiteren-
tial displacement, of magnitude

4. 8 in. [ PSO 1POOC) fps] (C..5)

The actual difference in deflection may be taken as otie -half
tis value, which is considered to be a more reasonable value
and considered to vary linearly with depth down to 100 ft.
The permanent vertical displacement attenuates rapidly, and
can be assumed to vary linearly from the surface value, given
by Eq. (C-2), to zero at a depth of 100 ft.

C-3. 2 Vertical Velocity at Depth y

The vertical velocity at depth y is attenuated roughly
in the same way ab the maximum stress, or

where I-

and L 300 It. [100 Psi .6.. 500/3

0.1 1/3

L 138 it. [00ps_.irw for p It ? 0L'rn psi

C-3. 3 VWrtical Acceleration at Depth y

The time of rise of the maximum velocity from an in-
itial zero value o.' velocity can be taken as one-half thot
transit time ot tho shock wave ftrm the surface to the Geptit
considered. However. the inaximuxi acceleration can be con-
sidered to be t , it.,, the value obtained from the assumption
that the maxlatnum *elocity is obtained linearly. This lemit te.
the retiatiun.

C-S



a = Zg Vy 3 ft/c' (C-7)

The rise time of the peak velocity should not be taken
as less than 0. 001 sec. This procedure gives less attenua-
tion of acceleration in rock than in soft soil, which is rea-
sonable. If no attenuation of velocity or pressure with depth
is assumed, the use of Eq. (C-3) and (C-7) gives the following
result:

ay=5g [P 80 __ ft.

oo psi] lo f (C

C-3. 4 Horizontal Motions at Depth y

The ratios of peak horizontal to peak vertical dis-
placements, velocities, and accelerations at depth y are to be
taken as 1/3, 2/3, and 1, respectively.

C-6



APPENDIX D

PROCEDURE FOR CALCULATING SYNTHESIZED

GROUND MOTION VERSUS TIME

The following is the procedure for calculating a synthe-
sized ground motion versus time as presented in Reference
3. 14.

In many cases free-field ground shock spectra cannot
be used directly for the analybis of a structure and its contents.

However, a synthesized ground motion curve consistcnt with
the spectra is useful. Such ground motions have betin synthe-
sized by approximating the ground motion as a single velocity
or displacement pulse. Figure D-1 shows a typical velocity
and displacement pulse. This pulse was derived from a partic-
ular shock spectra curve, and when applied t. a series of sin-
gle-degree -of-freedom oscillators would approximately result
in the peak response of the spectra. The velocity pulse is de-
rived from a giv, n rpsponse spectra curve by the following re-
lationships and the displacement pulse is determined by inte-
grating the velocity pulse.

A velocity pulse of the following form has been found to
agree with spectra within reasonable limits:

v - voertT -v -t/ (D-l)

where

Sthe veolocity of the support as a t inction v. tine
(inches per second)

peak velocity input (constant for a parUicular

spectra curve) (inches per &jcond)

t - time (seconds)

r parameter In units of time (seconds) (corfmait forf
a particular spectra curve)

D~m.



Ol dimensionless parameter (cor:ti' %r a par-

ticular spectra curve)

e base of natural logarithms

The parameters t, and G are a function cf the
shape of the spectra curve (for example, dashed line of kigure
?-2). v0 and r are essentially dependent upon the !ow fre-

eluency range of the spectra and primarily describe the peak

velocity and decay of the velocity pulse. a iz dependent
u~.ui the high frequency rznye of the spectra and primarily af-
fects the rise time to the r.-iUK vteiocity ui the velucity pulse.
First trial values fo v. and r are obtained by neglecting the
second term nf El~lti ni D-I and substituiting the displacement
response values for two points from the given spectra in the
following equations:

22

TZ = u u1  
(D-2)

ulW -u

-72 2 -
U u 1 1 2

T

where

u displacement response (inches) for frequency w1

u2 a displacement response (inches) for trequencv W2

W z undamped natural eircular frequency (radians
pItr second)

Since Equations D-2 and D-3 are baseu on the low fre-
quency range of the spectra. it is necessary to teelect the two
points at frequencies below the frequency at which the peak ac-
coloration response of the spectra occurs, a point in the vary
low frequency range of the spectra curve and another at a
higher frequency depending on the particular spectra shape.
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Once T and v have been estimated, a is then
computed. a is a function of the rise time as follows:

t T Ina (D-4)r -

Where t,. is the rise time. In most cases the rise
time wil' not be accurately known ano the following expres-
sion can be used:

A
a m T + I (D-5)

v
0

Where A izi the peak acceleration for a particular

spectra curve.

It is necessary to check several points on the spectra
since the shape of particular spectra may not exactly corres-
pond to the velocity pulse at every frequency. This may be
done by substituting values of the natural circular frequency
in Equation D-6 below at various points throughout the spectra
with the prvviomtly determined values of v , " , and a
and comparing the displacement u so deteroined with the
given spectra. In general, the two spectra will not exactly
coincide at every frequency and it may be necessary to ad-
just V0 and/or 1 . taking into account the corresponding
.hange in a , in order to obtain a velocity pals. resulting
in responses approximately consistent with the entire spec-
trum curve. In some cases it may be necessary to ,,,. a
velocity pulou whieh rceslts in cinservative rocponees at
certain frequencies in order that other frequency responses
are not too low compared to the given spectrA curve,

U * I - (D-6)

( 1 r 1&) (al+ r a?)

where U I the displacement response for a particular fre-
quency w from the response spectra.

When derlyinj a veloLity pulse from design spectra
n( the envelpe type *hown in the solid line of Figure i-?. the
general velocity pulse principles are still valid. alth ugh it
is not nereseary that the velocity pulse correspond to the
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response at all frequencies. In fact, for this type of spectra
the velocity pulse cannot conform at all frequencies since the
spectrum does not conform to the response variation consis-
tent with vibration theory in L'hat responseb are constant i
over a ringe of frequoncies. However. thia spectra repre-
sents ronservative values in certain frequency ranges and cor-
rect values at the eue points and the intermediate point on the
apecrum. With thz -pc.tra propcrt-vi in rraid. a rat;.--e1
vulocity pulse can be derived by matc%ing points which are
known to be the controlling response of the design spect a and
permitting particular frequency responses resulting from the
velocity pulse to be lower than the en :'apc In z.;.crdzn,;:

with the actual variation for a true spectra curve.

When calculating the first trial vaues ua and 1
it is best to .hoose the following two points on the spectra.
(1) The peak displacement response at the left side (very low
frequont;y range) of the spectra. avid (2) the lowes* frequency
at which the peak acceleration occurs. After v. and r are
estimated, a i, conNtoo ;%*id it is again necessary to
check various points on the spettra and adjust the parameters.

If ne wojory. in accordanco with -he above discussion.

I I . - II t

ii
a 00 Gab oaft se

Fig. C-4 7YPICAL VELOCITY AND DISPLACEMENT PULSA
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